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SUMMARY 
Emerging porous organic polymers have gained attention and interest due to 
their intrinsic porosity, high surface areas and presence of organic functional groups. 
They are promising materials for a variety of applications including gas capture, gas 

































The design, synthesis and applications of a novel porous organic polymer, 
poly-melamine-formaldehyde (PMF), are described in this thesis. The organic 
polymer has intrinsic mesoporosity and is synthesized via a simple one-step 
polycondensation reaction between melamine and paraformaldehyde. The synthesized 
polymers exhibited surface areas of up to 1099 m2/g, variable pore sizes in the range 
of 10–23 nm, and large total pore volumes (1.4 to 3.3 cm3/g) and micropore volumes 
(0.13 to 0.21 cm3/g). Due to its high porosity, high surface area and presence of 
triazine and amine (-NH-CH2-NH-) functional groups, PMF was investigated for 
carbon dioxide adsorption, removal of toxic metal ions from water and in catalysis for 
the acetalization of aldehydes. 
Application of mesoporous PMF in reversible carbon dioxide adsorption was 
studied in Chapter 2. The increasing carbon dioxide emissions from the burning of 
fossil fuels and the threat of global warming are major environmental concerns. The 
use of aqueous liquid amines such as 30 wt% monoethanolamine for the absorption of 
  iv 
carbon dioxide in flue gas to achieve near zero carbon emission has not been widely 
commercialized due to the energy-intensive sorbent regeneration, leading to high 
energy input and high operational cost. Mesoporous PMF has been designed with 
melamine (pKa 5.5), a less-basic amine, which favors physisorption of carbon dioxide 
over chemisorption, to allow easier and more energy-efficient desorption of carbon 
dioxide and regeneration of sorbent. Mesoporous PMF was found to have high carbon 
dioxide adsorption capacity of up to 18.7 wt%. Carbon dioxide adsorption on PMF 
was found to be almost instantaneous, highly reversible and recyclable. 
The removal of toxic metal ions in water using mesoporous PMF was 
investigated in Chapter 3. The presence of toxic metal ions in industrial waste and 
water pollution has always been an environmental and health concern. Solid 
adsorbents have been used to remove lead ions from water, but it is often a challenge 
to reduce the concentration of toxic metal ions to trace levels below regulatory 
drinking water standards (< 15 ppb) using solid adsorbents. Mesoporous PMF 
contains a high density of triazine and amine functional groups, which act as ligands 
to bind strongly to lead ions. Lead ions were successfully removed to trace levels (< 1 
ppb) using PMF. The high surface area and good porosity also resulted in fast 
adsorption kinetics. The adsorption properties and practical applications of PMF in 
toxic metal ions removal were further studied in Chapter 3. 
The catalytic application of mesoporous PMF as a heterogeneous 
organocatalyst for the acetalization of aldehydes was investigated in Chapter 4. 
Acetalization of aldehydes is a useful process in multistep drug design, organic 
chemistry, and in the pharmaceuticals, cosmetics and fragrances industry. 
  v 
Conventional acetal synthesis uses corrosive hydrochloric acid as catalyst, and is non-
chemoselective and incompatible to acid-sensitive substrates. Mesoporous PMF was 
found to catalyze the acetalization of aldehydes efficiently, providing a new protocol 
that is non-corrosive, chemoselective, compatible to acid-sensitive substrates, and has 
ease of catalyst recycling and reuse. The use of mesoporous PMF as a heterogeneous 
organocatalyst for acetal formation and its mechanism were investigated and studied 
in Chapter 4. 
In summary, mesoporous poly-melamine-formaldehyde (PMF) has been 
developed and its applications in green technologies, such as carbon dioxide 
adsorption and toxic metal ion removal from water, and in catalysis for the 
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CHAPTER 1 
Research Motivation and Background  
1.1 Research Motivation 
Polymers are widely used in many products and applications in our daily life, 
and have significantly changed our way of living.1,2 Porous organic polymers are a 
relatively new class of polymers that are synthesized with inherent porosity.3,4 Their 
synthesis can be versatile with the use of different functional monomers, which can 
generate tunable porosity and allow the inclusion of different organic functional 
groups.5,6 Their high surface area and the presence of organic functional groups are 
useful for a wide range of applications, particularly as adsorbents in green 
technologies, such as gas capture, and in catalysis.7 To further advance the 
development of porous organic polymers, it is important to continue research efforts 
to design and synthesize new porous organic polymers, and to explore their potential 
use in various applications to provide novel solutions to existing scientific problems 
and challenges. 
1.2 Background and Research Direction 
Porous materials have attracted much attention from both the scientific and 
industrial communities due to their wide ranging potential applications in gas storage, 
gas separation and catalysis.8-10 Porous materials such as activated carbon, silica and 
zeolite have been extensively investigated for a variety of applications due to their 
high surface area and good porosity.11-14 More recently in the past decades, new 
classes of microporous (pore size < 2 nm) and mesoporous (pore size= 2–50 nm) 
materials have been developed and synthesized. These include metal-organic 
  2 
frameworks (MOFs), crystalline covalent organic frameworks (COFs) and amorphous 
porous organic polymers (POPs).15-18 Metal-organic frameworks and crystalline 
covalent organic frameworks have attracted much interest due to their well-ordered 
crystalline structures, interesting morphologies, high surface areas and potential 
applications in gas storage and catalysis.19-21 Amorphous POPs can display high 
surface areas, but have non-uniform pores and less well-defined porous structures due 
to their amorphous nature.7 Synthesis of MOFs and COFs requires tedious solvent-
exchange procedures,6,19 and some of these compounds have limited physiochemical 
stability due to the reversible coordination or covalent chemistry that was used to 
obtain the crystalline materials.22 Amongst these new classes of porous materials, 
amorphous POPs are in general, structurally more stable, mainly consisting of strong 
covalent C-C, C-N and C-H bonds.22 These properties make POPs more practical for 
industrial applications. Porous organic polymer (POP) is a broad term describing 
amorphous organic polymers synthesized with inherent porosity. In the scientific field, 
various terms such as polymers of intrinsic microporosity (PIMs),23-25 
hypercrosslinked polymers (HCPs),5,26 conjugated microporous polymers (CMPs),17 
porous organic frameworks (POFs)7,27 and porous aromatic frameworks (PAFs)28,29 
have been used to describe different groups of POPs. The strategy of synthesizing 
POPs involves the use of di-, tri- or multi-functional organic monomers as building 
blocks for polymerization.4,30 The synthesis of POPs can be versatile by the use of 
different functional monomers to generate tunable porosity, and can also be designed 
to include different organic functional groups for various applications.5,6 Potential 
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applications for POPs include gas separation, gas storage, catalysis, drug delivery and 
semiconductor materials.17,31 
 
Figure 1.1 Potential applications of porous materials such as amorphous porous 
organic polymers (POPs). 
 
 
Increasing CO2 emissions and global warming are impending environmental 
concerns.32,33 The technology of carbon capture and sequestration (CCS) is one of the 
feasible strategies to control the amount of CO2 released into the atmosphere from the 
burning of fossil fuels.34,35 The use of POPs for efficient CO2 capture in power plants 
to achieve near-zero CO2 emissions is promising.36,37 Conventionally, aqueous liquid 
alkanolamines such as 30 wt% aqueous monoethanolamine (MEA)38,39 are used to 
capture CO2 gas via the chemisorptive formation of carbamates or carbonate 
species.40 Regeneration of the amine requires raised temperatures (>100 oC) to release 
the chemically absorbed CO2 for geological storage.38,41 The high energy penalty of 
amine regeneration is the main reason that has prevented the process from being 
widely commercialized as a CCS technology.42 Other drawbacks of the amine 
scrubbing process include the corrosive and volatile nature of liquid amine, and its 
decomposition after repeated use.43,44 The use of a solid adsorbent that is cost 
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effective, structurally stable for repeated use, has high CO2 adsorption capacity and 
less energy-intensive regeneration would overcome the existing drawbacks in the use 
of aqueous liquid alkanolamines. The design and synthesis of a novel POP with a 
high density of amine groups for efficient reversible CO2 adsorption is a potential 
solution to the existing challenges of CO2 capture. 
The presence of amine functional groups in the design of our novel POP 
allows the material to be useful in other applications. In particular, the amine groups 
in the polymer can act as ligands to bind metal ions.45,46 One possible application of 
the polymer could be the removal of toxic heavy metal ions from water. Most heavy 
metal ions are toxic to humans and living organisms even at low concentrations.47,48 
Main sources of heavy metal ion contamination in water arise from industrial waste 
disposal and corrosion of metal structures.49,50 The presence of toxic heavy metal ions 
in water sources poses serious health and environmental concerns.51 With more 
stringent regulatory controls for water contaminants, it is necessary to look for more 
effective and affordable methods for toxic heavy metal ions removal.52-56 The POP 
with a high density of amine functional groups serves as a promising solid adsorbent 
for toxic heavy metal ions in water purification. 
POPs also have potential use in catalytic applications due to their high surface 
area and presence of organic functional groups.57,58 They can be used as catalysts or 
as catalyst support in chemical reactions.7 So far, many of the reported catalytic 
applications for POPs have made use of the POPs as polymeric ligands or catalyst 
support for metal catalysts.59-61 Very few studies on the direct use of POPs as 
heterogeneous organocatalyst have been reported.7,62 This is probably due to the 
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amorphous nature of such polymers and the presence of non-uniform pores that are 
not well-defined, resulting in catalytic behavior that is less predictable and more 
difficult to control.7 The development of catalytic applications for POPs as a 
heterogeneous organocatalyst would help to bridge the gap in this research field and 
would assist in better understanding of the catalytic behavior of such materials. The 
unexpected acetalization of aldehydes catalyzed by our novel amine-rich POP was 
investigated in this work.  
 
Figure 1.2 Overview of research direction of this thesis: Development of a new 
amine-rich porous organic polymer (POP) for reversible carbon dioxide adsorption 
and investigating its applications in other areas of green technologies and catalysis. 
 
1.3 Literature Review 
1.3.1 Materials for Carbon Dioxide Adsorption 
Many porous materials have been investigated for CO2 capture, including 
activated carbon,63 zeolites,64 hybrid crystalline solids (MOFs, ZIFs),65-66 amine-
modified silicas67-70 and porous polymers (COFs,71 HCPs,27 CMPs36). Activated 
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carbons are widely used solid adsorbents with properties of high surface area, good 
chemical resistance and high thermal stability, which are suitable for gas adsorption.72 
However, they displayed low selectivity for CO2 in a mixture of combustion 
gases.72,73  Crystalline coordination polymers such as zeolites and MOFs have 
potential for CO2 capture and storage due to their high surface areas and well-defined 
pore structure.66,74-76  Mg/DOBDC, a MOF constructed by magnesium and the 
tetraanionic ligand, 2,5-dioxido-1,4-benzene-dicarboxylate (DOBDC), was reported 
by Caskey et al. to adsorb 33 wt% of CO2 at 1 atm and 296 K.77 This represents one 
of the highest adsorption capacities reported for solid adsorbents at 1 atm. Further 
studies of MOFs for reversible CO2 adsorption under industrial processes are required 
to evaluate their feasibility for industrial use.78,79 
Organic polymers containing functional groups that are known to react with 
CO2 reversibly, such as amine and N-heterocyclic carbene (NHC), have been studied 
for CO2 adsorption.80-86 However, such functionalized polymers often require 
multistep synthesis and and most of them demonstrate low CO2 adsorption capacity 
of 2–8 wt%.80,81,84-86 There are also several reports of POPs and solid-supported 
amines that have been designed for CO2 sorption.68,69,87-89 Modak et al. reported a 
group of iron-containing porphyrin-based POPs with 9–19 wt% CO2 adsorption 
capacity at 1 bar and 273 K.87 This was by far the highest reported CO2 uptake by 
metal-containing amorphous POPs.  More experimental studies on industrially 
relevant dynamic adsorption and regeneration for such adsorbents are necessary. For 
functionalized solid supports, the grafting or impregnation of amines,82,83,90 such as 
ethylenediamine,91 tetraethylenepentamine (TEPA)92 and polyethyleneimine (PEI),93 
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onto porous silica gel supports have shown promising results in CO2 adsorption. 
TEPA-modified MCM-41 developed by Yue and co-workers displayed CO2 
adsorption capacity of 21.1 wt% at 1 atm and 348 K, with 50 wt% TEPA loading.89 
This CO2 adsorption capacity is one of the highest reported for metal-free, non-
crystalline materials. When 10 wt% of TEPA loading was used, only 2.4 wt% of CO2 
adsorption capacity was obtained. Adsorption studies in CO2/N2 gas mixture revealed 
promising use of TEPA-modified MCM-41 for reversible CO2 adsorption from flue 
gas. While cyclic adsorption/desorption studies had shown good recyclability of 
TEPA-modified MCM-41, desorption carried out at 100 °C did not address the issue 
of energy-intensive adsorbent regeneration in CO2 capture.89 For practical use of solid 
adsorbents in CO2 capture, materials that are easy to synthesize, inexpensive, have 
high CO2 adsorption capacity and allow less energy-intensive regeneration are needed. 
Cyclic performance and CO2 adsorption capacity under flue gas conditions are 
important to examine the feasibility of the solid adsorbents for industrial use.   
1.3.2 Removal of Toxic Metal Ions from Water 
There are several methods of toxic heavy metal ions removal from water, 
including precipitation, adsorption, chelation, ion-exchange and reverse osmosis.94-96 
Each method has its own advantages and disadvantages, and each has established 
practical applications in different stages of water treatment and purification.95,96  
Adsorption is generally low cost, versatile and one of the most widely used 
method for toxic heavy metal ions removal from water.97,98 Activated carbon has been 
one of the most popular and widely used adsorbent in water purification.99-101 
However, commercialized activated carbon of good quality and good adsorption 
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properties is rather expensive.102,103 Cost effective and efficient adsorbents are in 
demand, especially in developing countries where ground water is commonly used for 
consumption, and sophisicated water purification technology is not available.49,103 
Low-cost natural adsorbents derived from locally available materials such as natural 
zeolites, clays and biomass are popular alternatives.98,102,104 In particular, biosorption 
using agricultural wastes from plants and fruits has been widely investigated for toxic 
heavy metal ions adsorption.103,105 In a recent report, a group from Brazil investigated 
minced banana peel for lead and copper ions adsorption.106 The fruit waste contained 
presence of carboxylic and amine groups. Comparison of the adsorption capacity of 
minced banana peel with other biosorbents, such as peanut husk and sawdust, showed 
at least 2–3 times higher capacity. However, the adsorption capacity is lower when 
compared to modified silica gels.  
In recent years, more stringent regulatory controls for toxic metal ions in 
water have spurred research in modified adsorbents for improved efficiency in toxic 
heavy metal ions removal.104,107 Porous inorganic materials (activated carbons, silica 
gels and zeolites) and organic bio-wastes that have been pre-treated or chemically 
modified are investigated.108-110 Acid or base treatment is generally carried out to 
remove soluble interfering compounds.111 Chemical modifications such as oxidation, 
sulfuration and anchoring of organic compounds have been performed in attempt to 
increase the content of surface functional groups.112 Generally, modified materials 
exhibit higher adsorption capacity than their unmodified form.113-115 Liu and co-
workers reported the synthesis of polyaniline on sawdust, a biosorbent, and obtained 
more than 10 times increase in adsorption efficiency for copper and cadmium ions.116 
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The use of natural adsorbents is attractive due to low cost, material abundance (eg. for 
natural zeolites, clay) and environmental friendly usage of bio-wastes.117 Existing 
problems for the use of natural materials includes batch-to-batch variation and 
inconsistency.118 Chemical modifications are also found to result in undesirable pore 
blockage, leading to reduced surface area of these materials.112 The cost and 
additional processing (eg. pre-treatment and chemical modification) are also 
considerations for the modified ‘low-cost’ natural adsorbents.111 
Low-cost synthetic polymers are another group of materials that have been 
investigated for toxic heavy metal ions adsorption.119 Derivatives of polymers such as 
polystyrene have been designed and investigated for toxic heavy metal ions 
adsorption.100,120 Amoyaw et al. reported the synthesis of a functionalized polystyrene 
anchored with salicylaldehyde moiety as chelating ligand.121 The chelating polymer 
was able to reduce lead ions in water to a minimum equilibrium concentration of 2 
ppb, exhibiting a maximum capacity of 333.3 μg/g under the experimental conditions. 
Due to the chelating effect of the polymer, fast adsorption kinetics of less than 30 s 
was reported. Other adsorption systems reported equilibrium time of 2–72 h. Shorter 
equilibrium time of 15–30 min and 2–10 min was reported using modified silica gels 
and bio-wastes, respectively.121 The production cost of the use of chemicals as 
synthesis building blocks and the need for multistep synthesis are considerations for 
synthetic materials compared to the use of natural adsorbents.119 Synthetic adsorbents 
have the advantage of material design to achieve highly efficient toxic heavy metal 
ion removal.121 Low cost, synthetic polymers have the potential to overcome existing 
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challenges of solid adsorbents to achieve improved capacity, removal to trace 
concentrations and fast adsorption kinetics.  
1.3.3 Acetalization of Aldehydes 
 The protection of carbonyl compounds such as aldehydes and ketones by 
acetal formation via the reaction with alcohols or diols is a common and useful 
technique for multistep synthesis in drug design, organic and carbohydrate chemistry, 
and in the pharmaceuticals, cosmetics and fragrances industries.122-125 Acetalization 
protects the carbonyl group from attack against several reagents, including 
nucleophiles, oxidants, hydrides and organometallic reagents such as Grignard 
reagents.126  
Many types of catalysts, including Brønsted acids (HCl, TFA, p-TSA),127,128 
solid acids,129 functionalized silica,130,131 acidic polymers,132 Lewis acids (boron 
trifluoride, decaborane),127,133,134 metal chlorides (WCl6, ZrCl4, GaCl3),135-137 metal 
triflates (Al(OTf)3, Ce(OTf)3, Yb(OTf)3),138-140 transition metal complexes141 and 
natural materials, such as kaolinitic clay,142 have been reported to catalyze acetal 
protection of carbonyls. The use of solid acids, such as Amberlyst-15, provides 
advantages over small molecule Brønsted acids, which have problems of corrosion 
and catalyst recycling.143,144 In 1974, Patwardhan et al. reported the synthesis of 
diethyl acetals in yields of 62–99% within 2.5–40 h using Amberlyst-15 and 5 eq. of 
triethylorthoformate.129 Thereafter, flow reactor and simulated moving bed reactor 
studies have been carried out for the synthesis of acetals using Amberlyst-15.145,146  
Reported metal catalysts generally provide good yields (72–98%) and good efficiency 
(5 min–20 h) for the acetalization of carbonyl compounds, but excess amounts of 
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trialkylorthoformate were often required as water scavenger.135,136,138,140 Ono et al. 
reported a facile acetalization of aldehydes and ketones using Ce(OTf)3 and 1.1 eq. of 
trimethylorthoformate in methanol with excellent yields of 90–99% and short reaction 
times of 1–30 min.139 However, further mechanistic studies or explanation for the 
improved efficiency of Ce(OTf)3 compared to other similar catalytic systems such as 
the use of CeCl3 was not provided.139 The use of natural kaolinitic clay due to its 
instrinsic acidity has advantages such as ease of handling, non-corrosiveness and 
being environmentally benign.142 However, such natural materials can vary from 
batch to batch, and also require stringent purification procedures, such as calcination 
and thorough washing.142 Continually, new protocols for acetalization have been 
investigated due to existing problems, which include corrosiveness of acid catalysts, 
poor chemoselectivity, limited scope for acid-sensitive compounds, the use of excess 
amount of water scavengers or drying agents, and limitations in catalyst recycling.147-
149  
There are some reports on acetalization under basic conditions,127,150,151 such 
as the use of NH3 and Et3N with TiCl4 as a Lewis acid catalyst.152 The use of TiCl4 
Lewis acid catalyst under basic reaction conditions avoids the problem of double 
bond migration in unsaturated aldehydes, which is a common problem in 
conventional acid-catalyzed acetalization.153 Using 1 mol% TiCl4 with 12 mol% Et3N 
in methanol, dimethyl acetals were obtained in 68–98% yield for 25 substrates 
consisting of a variety of aliphatic and aromatic aldehydes. The NH3 or Et3N base 
was reported to aid in the formation of the active catalyst, Ti(OCH3)nCl4-n, during the 
reaction.152  
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Metal-free catalysts including trichloromethylsilane,154 ionic organic 
compounds  such as tetrabutylammonium tribromide (TBATB)155 and pyridinium 
bromide,156 and organic compounds such as N-bromosuccinimide (NBS)157 and 2,6-
pyridinedicarboxylic acid (PDA)158 were reported to catalyze acetalization. More 
recently, milder or near neutral, metal-free protocols using I2148,159,160 as catalysts have 
been reported. Banik and co-workers reported the use of 5 mol% I2 to catalyze 1,3-
dioxolane protection of a variety of aldehydes and ketones with yields of 65–90% in 
the absence of drying agents.160 However, the recovery and recycling of I2 catalyst 
from the reaction mixture were not reported. This is because of the difficulty in 
isolating the catalyst due to its good solubility in most organic solvents, and 
sublimation upon elevated temperatures. Subsequently, Ren and Cai reported the I2-
catalyzed 1,3-dioxolane protection of carbonyl compounds in PEG ionic liquid.147 
After the acetalization reaction, toluene was used as an extracting solvent and the 
reuse of the I2 catalyst immobilized in the PEG ionic liquid was demonstrated. The 
reported protocol protects both ketones and aldehydes with yields of 56–96%. Further 
investigation of substrates beyond derivatives of benzaldehyde and acetophenone 
would help to extend the scope of the protocol. Although the acetalization reaction 
has been widely reported and well-investigated, there are still continuous efforts and 
interests in new developments for an acetalization protocol that is mild, metal-free, 
chemoselective, cost-effective and efficient, with ease of catalyst recycling, and no 
excessive use of water scavenger reagents.144,161,162 
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1.4 Research Objectives 
The objective of this thesis is to develop a new POP and to investigate 
different applications for the polymer. In particular, this new POP is to be designed 
with high density of amine groups for applications in reversible CO2 adsorption. This 
novel porous polymer with high density of amine functional groups would also be 
examined as an adsorbent for toxic heavy metal ions removal from water and as an 
organocatalyst in acetalization of aldehydes. 
 
The objectives of this work are: 
(a) Synthesis and characterization of a novel melamine-based porous organic 
polymer 
(b) Evaluation of the melamine-based porous organic polymer for reversible CO2 
adsorption 
(c) Investigation of the porous organic polymer for adsorption of toxic heavy 
metal ions from water 
(d) Development of catalytic application of the porous organic polymer in 
acetalization of aldehydes 
 
For reversible CO2 adsorption, it is important to develop a solid adsorbent that 
has high CO2 capacity and energy-efficient desorption. Through the design and 
synthesis of a melamine-based POP, a porous solid adsorbent that is cost-effective 
and easy to synthesize can be developed. This work aims to develop a highly porous, 
amine-rich polymer that is easy to synthesize, low cost, has high CO2 adsorption 
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capacity, ease of CO2 desorption and good adsorption/desorption cycling profile. 
Equilibrium gas sorption studies, dynamic column experiments and gas cycling 
experiments will be carried out to evaluate the CO2 adsorption capacity and properties 
of the polymer. 
For adsorption of toxic heavy metal ions, particularly lead ions, from water, it 
is important for the polymer to be highly efficient in the removal of lead ions, 
including having good adsorption capacity and fast adsorption kinetics. The high 
surface area and high density of amine functional groups in the newly developed POP 
could allow efficient removal of toxic metal ions from water. Adsorption properties 
of the polymer such as removal efficiency, adsorption capacity and adsorption 
kinetics are to be investigated by equilibrium sorption experiments. Practical aspects 
such as the effect of interfering constituents in water, recycling of the POP for lead 
ion adsorption and dynamic column adsorption will also be studied.  
For acetalization of aldehydes, it is desirable for the catalyzed reaction to 
provide mild conditions that are non-corrosive, chemoselective and compatible to 
acid-sensitive substrates. The use of POP as a heterogeneous catalyst provides the 
advantage of ease of catalyst recovery and possible catalyst recycling. The polymer-
catalyzed acetalization reaction will be investigated under different reaction 
conditions and evaluated for a variety of aldehyde substrates. The reaction 
mechanism of this unexpected amine-catalyzed acetalization is to be elucidated and 
studied. Further development of the polymer-catalyzed acetalization for industrial 
consideration will be carried out. 
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CHAPTER 2 
Design and Synthesis of Mesoporous Poly-Melamine-Formaldehyde 
and its Applications in Reversible CO2 Adsorption 
 
2.1 Introduction 
Amines are known to have good binding to CO2 and have been used 
extensively in CO2 adsorption.1-3 Primary amines, such as monoethanolamine (MEA), 
have strong binding to CO2 via carbonate or carbamate formation.4,5 However, the use 
of liquid amines and its strong chemisorption result in problems such as corrosion, 
energy-intensive sorbent regeneration and high operational costs.5,6 Reports of the 
inherent sorptive behavior of sorbents indicated that less-basic amines could offer an 
easy-on and easy-off model, resulting in fast adsorption and highly reversible 
desorption.7,8 Less-basic amines would favor physisorption rather than chemisorption 
of CO2. Sorbent regeneration could then be achieved under mild conditions with 
lower energy consumption. Many amine-functionalized or nitrogen-rich solid 
materials have been reported to capture CO2 with enhanced CO2 uptake.9-15 Among 
those amines, melamine attracted our attention due to its less basic nature (pKa 5.5), 
versatile reactivity, low cost, and abundance. In this research project, we aim to 
develop a solid sorbent that is rich in melamine groups for efficient reversible CO2 
adsorption.  
Melamine-formaldehyde (MF) resin is a common and widely used resin in our 
daily life. Conventional aqueous synthesis using melamine and formaldehyde solution 
in water results in a non-porous resin that is durable with useful characteristics as 
kitchenware.16,17 Reported protocols for porous MF resins and foams required the use 
of silica-based templates or porogens to generate porosity, but limited surface areas 
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were obtained. MF resins synthesized by the microemulsion strategy or with the use 
of soft templates typically possess low surface areas (< 100 m2/g) and large pore sizes 
(> 100 nm).18,19 Using colloidal silica templates, resins with higher surface areas (< 
220 m2/g) and smaller pore sizes (< 10 nm) were obtained.20,21 Thus, it is a challenge 
to develop a MF polymer with high surface area and good porosity. The use of 
porogens or templates also requires tedious post-synthesis treatment to remove or 
digest the templates. It is therefore advantageous to develop a protocol to synthesize 
highly porous MF materials without the use of porogens or templates.  
There are several literature reports on melamine-based dendrimers and 
modified MF resins for CO2 capture.22,23 However, most of these materials suffer 
from low CO2 adsorption capacity (< 7 wt%) due to their low porosity22,24 or low 
density of melamine functional groups.25 It is important to develop a material that is 
not only rich in amine groups, but also highly porous in order to achieve high CO2 
adsorption efficiency. The focus of this research is to develop a novel synthesis for 
highly porous and melamine-rich polymers via a simple one-step synthesis without 
the use of any porogens or templates.26,27 These novel mesoporous poly-melamine-
formaldehyde (PMF) polymers were examined for reversible CO2 capture. For the 
process of carbon capture to become cost efficient and widely applied, the adsorbent 
should be inexpensive, highly efficient, easy to synthesize, durable and easily 
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2.2 Experimental Section 
2.2.1 Material Synthesis 
Chemicals and Reactors. Melamine (2,4,6-triamino-1,3,5-triazine) and 
paraformaldehyde were purchased from Merck and used as received. Dimethyl 
sulfoxide (DMSO) (anhydrous, ≥99.9%) was purchased from Sigma-Aldrich. Organic 
solvents (reagent grade) were obtained from JT Baker. 15-ml autoclave with Teflon 
vial enclosed in steel reactor was purchased from Changchun Jiyu Normal Equipment 
Manufacture. 125-ml acid digestion bomb supplied by Parr was used for large-scale 
polymer synthesis. 
Synthesis of Poly-Melamine-Formaldehye (PMF) on Hotplate. Melamine 
(0.126 g, 1 mmol) and paraformaldehyde (3 eq, 0.09 g, 3 mmol) were added to a 20-
ml glass vial, and anhydrous DMSO (2.0 ml, 2.0 M) was added. The mixture was 
heated gradually to 120 °C and a colorless solution was obtained. Further heating on 
the hotplate at 170 °C for 72 h resulted in polymerization to form a white or yellow 
solid. The polymeric material was crushed, filtered and washed with DMSO, acetone 
(3x), tetrahydrofuran (THF) (3x) and CH2Cl2. The resulting solid was dried under 
vacuum at 80 °C for 24 h. Elemental analysis: C 33.66%, H 4.87%, N 37.78%, S 
5.66%. 
Synthesis of PMF in Oven. Melamine (0.378 g, 3 mmol) and 
paraformaldehyde (1.8 eq, 0.162 g, 5.4 mmol) were added to a 15-ml Teflon 
container with a magnetic stir bar, and 3.36 ml (2.5 M) of anhydrous DMSO was 
added. The Teflon container was capped and secured within a steel bomb reactor, 
which was heated to 120 °C in an oven (Memmert Universal UNE 400) for 1 h. The 
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reactor was then carefully removed from the oven for stirring on a magnetic stirrer 
plate to obtain a homogeneous solution. It was then heated in the oven to 170 °C for 
72 h. The reaction was allowed to cool to room temperature, and the solid obtained 
was crushed, filtered, and washed with DMSO, acetone, THF and CH2Cl2. The 
resulting white solid was dried under vacuum at 80 °C for 24 h. Elemental analysis: C 
33.90%, H 4.83%, N 39.61%, S 5.05%. 
Large-Scale Synthesis of PMF for Through-Flow Column Experiments. 
Melamine (4.73 g, 37.5 mmol) and paraformaldehyde (1.8 eq, 2.03 g, 67.5 mmol) 
were added to a 125-ml acid digestion bomb with a magnetic stir bar and 42 ml (2.5 
M) of anhydrous DMSO. The bomb was heated at 170 °C for 72 h in the oven. The 
polymer was synthesized, filtered and dried using similar procedures as the small-
scale reaction carried out in the oven as described earlier. The resulting polymer was 
further treated by soaking in H2O, followed by 0.2 M NaOH, and then washed with 
H2O until the aqueous eluent was neutral. The resulting white polymer was dried 
under vacuum at 80 °C for 24 h. Elemental analysis: C 35.21%, H 4.85%, N 42.54%, 
S 4.70%. 
Amine Functionalization of PMF. PMF (0.12 g) was reacted with excess 
ethylenediamine (0.1674 ml) in 3.36 ml of DMSO. The reaction was stirred at 120 °C 
for 48 h. The reaction was cooled to room temperature, filtered, and washed with 
MeOH, acetone and CH2Cl2. The solid obtained was dried under vacuum at 80 °C for 
24 h.  
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Thermal Treatment of PMF. PMF (0.1 g) was placed on a crucible and 
heated at 10 °C/min to temperatures of 250 °C, 300 °C or 350 °C in a tube furnace 
(Thermolyne Tube Furnace F79300) under N2 gas flow.  
2.2.2 Characterization 
Surface Area and Pore Size Analysis. Surface area and porosity of polymers 
were analyzed via nitrogen sorption analysis performed on a Micromeritics Tristar 
3000 Surface Area and Pore Size Analyzer at 77 K. CO2 sorption analysis were 
carried out on the same instrument with CO2 at 273 K. 
Thermogravimetric Analysis (TGA). TGA was performed on Perkin-Elmer 
Pyris-1 Thermogravimetric Analyzer. Thermal stability and decomposition of PMF 
were analyzed by heating from 40.0 °C to 850.0 °C at 2.0 °C/min in air.  
Electron Microscopy. Scanning Electron Microscopy (SEM) images were 
obtained on a JEOL JSM-7400F electron microscope (5 kV). Transmission Electron 
Microscopy (TEM) experiments were conducted on a FEI Tecnai G2 F20 electron 
microscope (200 kV).  
Infrared (IR) Spectroscopy. Photoacoustic Fourier-transform infrared (PA-
FTIR) spectra were recorded on Digilab FTS 7000 FTIR spectrometer with a MTEC-
300 photoacoustic detector. 
Nuclear Magnetic Resonance (NMR) Spectroscopy. Proton decouple 13C 
magic angle spinning (MAS) spectra were recorded on a Bruker AV 400 solid state 
NMR spectrometer (400 MHz) at two different spin rates of 8 kHz and 10 kHz to 
identify real peaks. 
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Elemental Analysis. Elemental analysis (C, H, N, S) was performed on 
Elementar Vario Micro Cube. Samples were stirred in acetone, filtered and dried 
before analysis. 
Gas Chromatography (GC). GC was carried out using Agilent GC6890N 
with a valve injector, Porapak Q column and TCD detector. The GC instrument was 
conditioned for 1 h at 200 °C prior to use. 
2.2.3 Experimental Setup 
TGA Gas Cycling Experiment. PMF was subjected to the following gas 
cyclic treatment at 25 °C: CO2 (99.8%) gas flow (20 ml/min) for 30 min, followed by 
N2 (99.9995%) gas flow (20 ml/min) for 45 min. Changes in weight were recorded by 
the TGA instrument. Prior to the cyclic treatment, the sample was first purged at 
120 °C for 60 min under N2 gas flow, followed by cooling to room temperature. 
Change in buoyancy effects arising from the switching of gases was recorded using 
an empty sample pan, and the buoyancy effects were corrected for in the TGA results. 
Through-Flow Column for CO2 Adsorption. A steel column of 10 mm i.d. 
and 10 cm length was packed with 1.0 g of PMF powder. The PMF column was 
connected to a gas cylinder of 15 vol% CO2 in N2. Gas flow was controlled with a 
cylinder regulator and a gas flow meter (Dwyer Rate-Master Flowmeter RMB-BV). 
The outlet gas from the PMF column was analyzed by GC. An optimized GC method 
of isothermal analysis at 75 °C for 1.8 min was employed. Retention time for N2 peak 
and CO2 peak were 0.68 min and 1.48 min, respectively. The time interval between 
consecutive GC analyses was 2.15 min. The peak areas were calculated to obtain 
vol% CO2, using 15 vol% CO2 in N2 as a reference gas mixture. Vacuum was applied 
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to the experimental setup before analysis, and the gas lines were purged with helium 
prior to CO2 adsorption by PMF. For the recycling of PMF, a vacuum (of ~ 1 mbar) 
was applied to the column for 1 h before repeating the adsorption analysis as 
described earlier. 
2.3 Results and Discussion 
2.3.1 Synthesis and Characterization of PMF 
Mesoporous poly-melamine-formaldehyde (PMF) was synthesized via a 
simple one-step reaction using melamine and paraformaldehyde (Figure 2.1). The 
condensation reaction between melamine and formaldehyde produced the methylene-
bridged (-NH-CH2-NH-) melamine polymer in quantitative yield. The starting 
materials are inexpensive and are common industrial chemicals. Large-scale synthesis 
is also possible using large pressure reaction vessels, making the mesoporous PMF 
highly attractive for potential industrial applications. The resulting PMF polymers 


































Figure 2.1 Reaction scheme of mesoporous poly-melamine-formaldehyde (PMF). 
 
Synthesis was initially carried out at 1 mmol scale in 20-ml reaction vials on 
the hotplate. However, when the polymer was synthesized by heating on the hotplate, 
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condensation of paraformaldehyde was observed on the walls at the top of the 
reaction vial. Subsequently, PMF was synthesized using reactor vessels in the oven to 
obtain a homogeneous reaction system. Uniform heating using an oven was an 
important factor to obtain reproducible polymers in the presence of paraformaldehyde 
substrate, which breaks down to gaseous formaldehyde upon heating. The reaction of 
melamine and paraformaldehyde in DMSO initially formed a colorless solution, and 
subsequently produced a white or yellow solid upon further polymerization. Stirring 
of the reaction mixture during initial heating in the oven facilitated the formation of a 
uniform solid polymer.  
Table 2.1 Synthesis conditions, physical characteristics and CO2 adsorption capacity 

















1 1.50 2.25 1099 10.3 2.09 0.13 15.3 
2 2.00 2.25 1017 12.4 2.21 0.13 14.5 
3 2.50 2.25 1074 17.5 3.29 0.14 15.7 
4 2.00 1.80 791 11.7 1.35 0.15 13.9 
5 2.50 1.80 930 15.7 1.90 0.21 18.7 
6 2.75 1.80 903 23.0 2.79 0.20 17.7 
7 2.50 1.65 785 13.8 1.21 0.20 17.7 
8 2.50 1.95 905 15.9 2.22 0.16 15.5 
Reaction: Melamine (3 mmol) and paraformaldehyde mixed in DMSO in a 15-ml pressure 
reactor vessel and heated in the oven at 170 oC for 72 h. 
a Overall concentration of starting materials in DMSO. 
b Molar ratio of paraformaldehyde to melamine. 
c BET surface area, BJH pore size, total pore volume and micropore volume measured by N2 
sorption analysis at 77 K.  
d CO2 adsorption measured at 273 K. 
 
The polymer was synthesized under various reaction conditions to optimize its 
porosity and CO2 adsorption characteristics. As shown in Table 2.1, the PMF 
polymers displayed high surface areas of up to 1099 m2/g, variable pore sizes in the 
range of 10–23 nm, large total pore volumes (1.4 to 3.3 cm3/g), and micropore 
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volumes of 0.13 to 0.21 cm3/g. When the overall reaction concentration was increased, 
a trend in increasing pore width as well as increasing total pore volume of the 
resulting PMF was observed. Polymers with higher surface area and total pore 
volume were obtained using a higher paraformaldehyde/melamine ratio. An increase 
in micropore volume was obtained with a lower amount of paraformaldehyde. The N2 
sorption isotherm for the polymer with highest surface area of 1099 m2/g (Table 2.1, 
Entry 1) is shown in Figure 2.2(a). The CO2 sorption isotherm for the polymer with 
the highest CO2 adsorption capacity of 18.7 wt% at 1 atm (Table 2.1, Entry 5) is 
shown in Figure 2.2(b). 
Scanning electron microscopy (SEM) revealed that the mesoporous PMF 
consisted of aggregates of submicron spherical particles (Figure 2.3(a)). Transmission 
electron microscopy (TEM) images showed that PMF formed a foam-like structure 
with interconnected mesoporous networks (Figure 2.3(b)). Ideally, the reaction 
between melamine and paraformaldehyde would proceed to form a perfect network 
structure as illustrated in Figure 2.1. However, under the reaction conditions, 
complete polymerization was difficult to achieve due to low solubility of the polymer 
and irreversible reaction. The resulting PMF is amorphous and consists of defects 
with terminal groups containing amine or hemiaminal (-NH-CH-OH) groups. The 
polymerization reaction was monitored by TEM at different reaction times (Figure 
2.4). In the early nucleation stage, melamine reacted with formaldehyde to form small 
flakes of polymer framework. As polymerization proceeded, low solubility of the 
network polymer in DMSO resulted in precipitation and formation of larger flake-like 
structures that interconnected to form a mesoporous material. The flakes were 
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important as robust building bricks for the construction of the mesoporous structure in 
PMF. The mesopores were derived from the voids generated between the 
interconnected flakes, and the micropores of PMF originate from the molecular 























































Figure 2.2 Adsorption and desorption isotherms of mesoporous PMF. (a) N2 
adsorption-desorption isotherms (77 K) of the PMF sample (Table 2.1, Entry 1) with 
the highest BET surface area of 1099 m2/g. (b) CO2 adsorption-desorption isotherms 
(273 K) of the PMF sample (Table 2.1, Entry 5) with the highest CO2 adsorption 
capacity of 18.7 wt% at 1 atm. 
(a) 
(b) 
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Figure 2.3 Electron microscopy imaging of mesoporous PMF. (a) SEM image 




Figure 2.4 Reaction time tracking TEM images. TEM images of PMF after (a, b) 1 h, 
(c, d) 5 h, and (e) 10 h of reaction. 
 
 
The IR spectrum of PMF revealed peaks that could be assigned to NH and OH 
stretching at 3400 cm-1, CH2 stretching at 2950 cm-1 and triazine stretching at 1590 
cm-1 and 1480 cm-1 (Figure 2.5). The solid state 13C NMR spectrum (Figure 2.6) 
showed a peak at 166 ppm that was assigned to the carbon atoms present in the 
(a) (b) 
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triazine ring, and the double resonances at 54 and 48 ppm was attributed to the CH2 
group that link two melamine molecules (-NH-CH2-NH- group) and the terminal 
hemiaminal group (-NH-CH2-OH), respectively. Elemental analysis of PMF indicated 
the presence of more than 5 wt% of sulfur in the polymer. Even after solvent 
exchange by stirring in acetone for 5 days, at least 5 wt% of sulfur remained in the 
material. In the high-temperature PMF synthesis at 170°C, sulfur species from the 
DMSO solvent could be chemically incorporated into the polymer structure. The IR 
peak at 1354 cm-1 could be assigned to sulfone O=S=O stretching. The solid state 13C 
NMR peak at 29 ppm could correspond to methyl group derived from the chemical 
incorporation of DMSO into the polymer structure. PMF was tested to be stable in the 
presence of moisture and water. The polymer was soaked in water at room 
temperature for 4 h with stirring and found to be stable with no deterioration in 
polymer structure. TGA curve (Figure 2.7) showed that PMF was thermally stable up 
to 400 °C in air. 
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Figure 2.5 PA-FTIR spectrum of mesoporous PMF showing peaks associated with 
NH and OH stretching at 3400 cm-1, CH2 stretching at 2950 cm-1, triazine stretching 
at 1590 cm-1 and 1480 cm-1, and peak at 1354 cm-1 which could be assigned to sulfone 
O=S=O stretching. 
 
Figure 2.6 Solid state NMR spectrum. 13C NMR spectrum of PMF showing peaks 
associated with triazine carbon at 166 ppm, and bridging CH2 groups at 48-54 ppm. 
The signal at 29.46 ppm is likely to be derived from chemical incorporation of 
DMSO. 
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Figure 2.7 TGA profile of PMF, showing thermal stability of up to ~ 400 °C. 
 
2.3.2 CO2 Adsorption of PMF 
The newly developed mesoporous PMF polymers have high surface areas, 
good porosity and high density of amine groups. The presence of less-basic amine 
groups in melamine would allow PMF to favor physisorption of CO2 over 
chemisorption. This would allow CO2 adsorption of PMF to be highly reversible and 
the regeneration of the material to be less energy-intensive. PMF synthesized under 
different conditions shown in Table 2.1 had CO2 adsorption capacity between 13.9 to 
18.7 wt% at 1 atm and 0 oC. The CO2 sorption isotherm (Figure 2.2(b)) showed that 
complete desorption of CO2 from PMF could be achieved at low pressures, indicating 
reversible CO2 adsorption. The absence of hysteresis in the CO2 desorption curve also 
indicated physisorption as the mode of CO2 sorption. Although PMF is dominated by 
mesoporosity, it was observed that there was a close correlation of the micropore 
volume with the CO2 adsorption capacity, while other physical properties such as 
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surface area and pore width had less significant effect on CO2 adsorption of PMF 
(Table 2.1). PMF with the highest micropore volume of 0.21 cm3/g achieved the 
highest CO2 adsorption capacity of 18.7 wt% (Table 2.1, Entry 5).  
Due to the electron delocalization in the triazine ring of melamine (pKa = 5.5), 
the reaction between amine group and CO2 to form carbamate via chemisorption is 
endothermic (∆E = +20.8 kJ/mol) as calculated by the density functional theory (DFT) 
at B3LYP/6-31G(d,p) level. However, melamine provides an efficient pocket for 
holding CO2 molecule in an easy-on and easy-off physisorptive model. As shown in 
Figure 2.8(a), there are both electrostatic interaction between the triazine nitrogen 
atom and CO2 molecule (N-C: 2.86 Å), and hydrogen bonding interactions between 
amine and CO2 molecule (H-O: 2.27 and 2.28 Å). The calculated total energy 
difference for the binding between CO2 and melamine is -25.7 kJ/mol. This 
physisorptive model for melamine and CO2 also applies for CO2 adsorption of PMF. 
The calculated energy difference for CO2 binding to PMF is between -26.5 and -15.2 
kJ/mol, as shown in Figure 2.8(b) and 2.8(c). This physisorptive model is in 
agreement with the highly reversible CO2 adsorption and desorption behavior 
illustrated in Figure 2.2(b), and also explains the significance of micropore volume in 
CO2 capture. Micropores in PMF arise from the porosity within the nano-flakes, 
which are formed by complete polycondensation reaction between melamine and 
formaldehyde with minimal terminal groups. These micropores provide cavities with 
suitable electrostatic and hydrogen bonding interactions for the adsorption of CO2.  
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Figure 2.8 DFT modeling CO2 binding models for (a) melamine, (b) type I PMF and 
(c) type II PMF. Calculation method: density functional theory (DFT) at B3LYP/6-
31G(d,p) level. 
 
TGA was used to investigate the recyclability of PMF in CO2 adsorption 
(Figure 2.9). The polymer was first purged in N2 gas flow, and then subjected to CO2 
gas flow at 25 °C. The changes in weight were monitored and recorded. The gas 
cycling experiment was repeated up to 6 cycles. CO2 adsorption was observed to be 
almost instantaneous, with immediate weight increase (9.3 wt%) as the gas flow was 
switched from N2 to CO2. CO2 sorption was fully reversible, with rapid desorption 
when the gas flow was switched back to N2. The rapid and complete desorption 
indicated physisorption as the mode of CO2 sorption, which agreed well with the 
observation in CO2 desorption isotherm at low pressures (Figure 2.2(b)). The CO2 
adsorption capacity of PMF was also maintained over 6 cycles. 
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Figure 2.9 Gas cycling experiment of mesoporous PMF in N2 and CO2 gas flows at 
25 °C. 
 
To further investigate the feasibility of using PMF for CO2 adsorption for 
industrial applications, a miniature through-flow column packed with PMF was set up 
as shown in Figure 2.10. An analyte gas of 15 vol% CO2 in N2 was used, which is 
similar to the composition of flue gas from power plants. The gas at the outlet of the 
system was analyzed by gas chromatography (GC). The breakthrough curve for CO2 
adsorption of PMF is shown in Figure 2.11(a). Near zero emission of CO2 was 
achieved in the first 42 min, with flow rate of 2.5 ml/min over 1.0 g of sorbent. The 
emission of CO2 increased as the CO2 adsorption capacity of PMF approached 
saturation. A total CO2 adsorption capacity of 4.9 wt% was achieved in the dynamic 
experiment. As shown in Figure 2.11(b), the CO2 capture capacity of PMF was 3.2 
wt%, 4.2 wt% and 4.5 wt% at 99%, 95% and 90% CO2 removal from the analyte gas, 
respectively. As the flow rate was increased to 10 ml/min, the CO2 capture capacity 
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of PMF was increased to 5.1 wt% at 90% CO2 removal (Figure 2.12). This CO2 
capacity was comparable to the optimized dynamic industrial capacity of 30% 
aqueous MEA solution (~ 6 wt%). The PMF sorbent in the column was simply 
recycled by vacuum and the CO2 adsorption capacity was fully recovered (Figure 
2.10). This finding directly reflected the low binding energy of CO2 on PMF and the 
high reversibility of CO2 capture over PMF. This dynamic capture model 
demonstrates PMF as an excellent solid sorbent that is cost efficient and less energy-
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Figure 2.11 CO2 capture of mesoporous PMF in dynamic through-flow experiment 
using an analyte gas of 15 vol% CO2 in N2. (a) Breakthrough curves obtained for 2.5 
ml/min flow. (b) Dynamic CO2 capture of PMF for at flow rate of 2.5 ml/min. 
(a) 
(b) 




















Figure 2.12 Dynamic CO2 capture of PMF at flow rate of 10 ml/min. 
 
2.3.3 Effect of Solvents and Modifications to Polymer 
Other high boiling polar aprotic solvents, such as N-methylpyrrolidone (NMP) 
and N,N’-dimethylformamide (DMF), were tested for PMF synthesis, but the 
resulting polymers showed low surface area and poor porosity (Table 2.2). Synthesis 
using ionic liquid, 1-butyl-3-methyl imidazolium chloride, resulted in decomposition 
at 170°C. When a lower temperature of 100 °C was used, the resulting solid obtained 
had very low surface area and poor porosity. Synthesis of MF resin in water at 80 °C 
following a well-established protocol produced a polymer that is non-porous. When 
DMSO/H2O was examined as a solvent system, a lower reaction temperature of 
140 °C could be used due to higher solubility of reactants in H2O. Interestingly, 
polymers synthesized in a mixture of DMSO and water (DMSO/H2O volume ratios of 
1:1 and 3:1) showed reasonably good surface areas, porosity and CO2 adsorption 
capacity (Table 2.3). Surface areas of 581 and 996 m2/g and CO2 adsorption 
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capacities of 15.9 wt% and 14.9 wt% were obtained with DMSO/H2O volume ratios 
of 1:1 and 3:1, respectively. In general, polymers synthesized at lower temperatures 
were less porous or non-porous. DMSO was found to play a vital role in the 
formation of porous structures in PMF, probably through intermolecular hydrogen 
bonding of the reactants with the solvent in the early stage of polymerization.  
 
Table 2.2 Characteristics of PMF synthesized using solvents other than DMSO.  

























1 2.0 3.75 NMPd 180 72 4.6 57.5 0.005 0.003 4.7 
2 2.0 3.75 ILe 100 72 7.2 19.6 0.024 0.0003 1.9 
3 1.0 3.00 H2O 80 6 0.005 171.7 0.082 0.002 –  
a Overall concentration of starting materials in DMSO. 
b Molar ratio of paraformaldehyde to melamine. 
c CO2 adsorption measured at 273 K. 
d N-methylpyrrolidone (NMP). 
e Ionic liquid (IL), 1-butyl-3-methylimidazolium chloride, [BMIM]Cl. 
 
Table 2.3 Characteristics of mesoporous PMF synthesized in DMSO/H2O.   














1 1:3 11.9 67.9 0.14 0.002 7.3 
2 1:1 581 10.0 0.46 0.177 15.9 
3 3:1 996 7.1 1.36 0.118 14.9 
4c 1:1 168 12.1 0.46 0.007 4.3 
5d 1:1 236 13.1 0.55 0.026 8.6 
a Paraformaldehyde and melamine with molar ratio of 3:1 reacted in DMSO/H2O with an 
overall reaction concentration of 2.0 M in the oven at 140 °C for 72 h.  
b CO2 adsorption measured at 273 K.  
c Synthesis at 100°C.  
d Synthesis at 120°C.  
 
 
Due to the high porosity of PMF, DMSO solvent was trapped in the porous 
polymer. TGA profile of the polymers showed a slight reduction in weight at 
temperatures below 200°C, corresponding to solvent loss. Degradation of the 
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polymers occurred at temperatures above 400°C (Figure 2.7). Polymers are thus 
thermally treated between 250 °C and 350 °C by heating in a sealed tube furnace for 
1 h under N2 gas flow. Thermally treated polymers were found to have reduced 
weight. The treated polymers were analyzed by N2 and CO2 sorption at 77 K and 273 
K, respectively. A decrease in surface area, an increase in pore width and a decrease 
CO2 adsorption capacity were observed (Table 2.4).  
 















1 Untreated 1017 12.4 2.21 0.13 14.5 
2 250 785 14.6 2.26 0.07 10.4 
3 300 678 15.1 2.18 0.04 9.0 
4 350 424 15.5 1.69 0.007 5.3 
a PMF (Table 2.1, entry 2) was placed in a crucible and heated under N2 flow to the specified 
temperature at a ramp rate of 10 °C/min, and held at that temperature for 1 h.  
b CO2 adsorption measured at 273 K. 
 
 
In an attempt to further increase the CO2 adsorption capacity of PMF, the 
polymers were further functionalized with small organic amine molecules, such as 
ethylenediamine. The functionalized polymers displayed lower surface areas and 
smaller pore sizes as compared to the original polymers (Table 2.5). This could be 
due to the disruption of porous network by the incorporation of the organic molecule. 
CO2 adsorption capacity only increased slightly (by ~ 1.5 wt % or less) in most 
functionalized polymers. This suggested that physisorption of CO2 remained more 
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1a 1.5 3.00 1004 8.3 1.78 0.06 11.4 
2a 2.0 2.25 1017 12.4 2.21 0.13 14.5 
3a 2.0 3.00 971 10.2 2.08 0.06 11.0 
4a 2.0 3.75 915 5.9 1.14 0.06 11.2 
5a 2.5 3.00 1046 16.5 3.46 0.08 12.6 
6b 1.5 3.00 943 6.6 1.27 0.07 12.9 
7b 2.0 2.25 916 10.9 1.87 0.10 13.6 
8b 2.0 3.00 914 7.1 1.35 0.07 11.6 
9b 2.0 3.75 676 4.0 0.47 0.07 11.8 
10b 2.5 3.00 987 9.3 1.84 0.09 13.0 
a Synthesis of PMF at 170 °C for 72 h in the oven.   
b Further reaction of PMF in Entry 1–5 with excess ethylenediamine in anhydrous DMSO at 
120 °C for 48 hrs.  
c Overall concentration of starting materials in DMSO.  
d CO2 adsorption measured at 273 K. 
 
2.4 Conclusion 
In conclusion, a highly porous organic polymer, mesoporous poly-melamine-
formaldehyde (PMF), was successfully synthesized with excellent properties for 
reversible CO2 sorption. Mesoporous PMF was synthesized using inexpensive and 
abundant starting materials, melamine and paraformaldehyde. The synthesis involved 
a simple one-step reaction, producing a mesoporous polymer without the use of 
porogens or templates. DMSO was found to have an important role in the formation 
of porosity in PMF synthesis. Mesoporous PMF is rich in melamine groups, which 
are less-basic amine functional groups that favor reversible CO2 capture via 
physisorption. The polymers have high surface areas of up to 1099 m2/g, pore sizes in 
the range of 10–23 nm, and large total pore volumes (1.4 to 3.3 cm3/g), and 
micropore volumes of 0.13 to 0.21 cm3/g. From the sorption isotherms performed at 
273 K, CO2 adsorption capacities of 13.9–18.7 wt% were obtained for the PMF 
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polymers. The CO2 adsorption capacity was correlated to the micropore volume of 
the polymer. Physisorption of CO2 in the micropores was shown to be the preferred 
mode of CO2 adsorption in PMF in DFT studies. TGA gas cycling experiments 
showed that CO2 adsorption of PMF was almost instantaneous and highly reversible. 
The dynamic through-flow column experiments demonstrated that 99% removal of 
CO2 from the analyte gas (15 vol% CO2 in N2) could be achieved, and the PMF 
adsorbent was easily regenerated by vacuum. Thermal treatment of PMF produced 
polymers with lower surface areas and lower CO2 adsorption capacity. Attempts to 
functionalize PMF with ethylenediamine did not improve the CO2 adsorption capacity 
substantially. The mesoporous PMF polymers which demonstrated reversible CO2 
adsorption with high CO2 capacity are of great interest for industrial applications in 
CO2 capture. 
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CHAPTER 3 
Applications of Poly-Melamine-Formaldehyde in the Removal of 
Toxic Metal Ions from Water 
 
3.1       Introduction 
Amines are good lone-pair donor ligands that can coordinate to metal ions to 
form stable coordination complexes.1,2 This property of amine has been utilized in the 
design of adsorbents for the removal of toxic metal ions from water. Solid supports or 
polymers that have been functionalized with amine groups displayed improved 
efficiency in the adsorption of toxic heavy metal ions over their corresponding non-
functionalized materials.3-7 The use of porous solid supports,8-12 such as mesoporous 
silica, for amine-functionalization is widely reported. The good porosity and high 
surface area of porous materials facilitate the removal of metal ions from water.13 
Melamine-formaldehyde (MF) resins contain a high nitrogen content and are 
promising materials for toxic metal ion removal. However, very few publications 
have reported the use of MF resins for such application so far. Only a few reports on 
modified MF resins that are polymerized with functional monomers such as 
nitrilotriacetic acid13 and salicylic acid14 for the removal of heavy metal ions have 
been described.  
The novel mesoporous poly-melamine-formaldehyde (PMF) that we have 
developed has high surface area and good porosity.15 PMF is also rich in inherent 
amine (-NH-CH2-NH-) and triazine groups, which can act as chelating ligands for the 
scavenging of toxic metal ions, such as lead, from water. PMF can be easily 
synthesized via a simple one-step reaction using inexpensive starting materials, 
melamine and paraformaldehyde. The ease of synthesis, low cost in production, high 
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surface area and high density of inherent amine groups make PMF a promising 
material for the removal of toxic metal ions from water.   
One of the toxic metal ions of particular concern is lead. Lead contamination 
in water mainly arises from the corrosion of household plumbing systems, lead pipes 
and industrial wastes.16,17 Lead is a toxic metal that can lead to damage of the brain 
and nervous system. Exposure to lead is known to cause delay in physical and mental 
development of children, and result in kidney problems and high blood pressure in 
adults.18,19 The United States Environmental Protection Agency (U.S. EPA) and the 
World Health Organization (WHO) have tightened the regulatory standards on lead in 
drinking water from 50 ppb to 15 ppb and 10 ppb, respectively, by 2011.20,21  
Solid adsorbents are among the most widely used method for toxic heavy 
metal ions removal from water due to their low cost and versatility.22,23 In this study, 
PMF was examined as a novel solid adsorbent for the removal of toxic metal ions 
from water. The adsorption capacity, pH effect and adsorption kinetics of PMF for 
lead (Pb(II)) adsorption were studied. Practical application of PMF in lead ion 
removal in tap water, in the presence of main group cations and strong chelating 
ligands, such as ethylenediaminetetraacetic acid (EDTA), were investigated. The 
possibility of recovering adsorbed lead ions and recycling of PMF were also explored.  
3.2 Experimental Section 
3.2.1 Materials 
Poly-Melamine-Formaldehyde (PMF). Melamine (4.73 g, 37.5 mmol) and 
paraformaldehyde (1.8 eq, 2.03 g, 67.5 mmol) were added to a 125-ml acid digestion 
bomb with a magnetic stir bar and 42 ml (2.5 M) of dimethyl sulfoxide (DMSO). The 
  56 
reaction mixture was heated to 120 °C for 1 h and stirred 3 times for 1 min at 400 rpm 
at 30-min intervals. The homogeneous solution was then further heated at 170 °C for 
72 h in the oven. The resulting solid was crushed, filtered and washed with acetone, 
tetrahydrofuran (THF) and CH2Cl2. The white powder was dried under vacuum for 24 
h at 80 °C. Elemental analysis: C 35.531%, H 4.97%, N 40.73%, S 5.38%. The 
resulting white polymer has BET surface area of 671.9 m2/g, BJH pore width of 15.7 
nm, total pore volume of 1.77 cm3/g and micropore volume of 0.095 cm3/g, as 
analyzed by N2 sorption at 77 K. The polymer was further treated by washing with 
deionized water, followed by stirring in 0.2 M NaOH, and then filtered and washed 
with deionized water until the filtrate became neutral. The resulting base-treated 
white polymer was dried under vacuum at 80 °C for 24 h. Elemental analysis: C 
35.21%, H 4.85%, N 42.54%, S 4.70%. The sample has BET surface area of 864.7 
m2/g, BJH pore width of 17.7 nm, total pore volume of 2.24 cm3/g and micropore 
volume of 0.171 cm3/g, as analyzed by N2 sorption at 77 K. 
Chemicals and Reagents. For metal ion removal experiments, all reagents 
were purchased and used as received unless otherwise stated. Metal ion solutions 
were prepared from their respective nitrate or chloride salts: lead nitrate (Sigma-
Aldrich, 99%), anhydrous copper (II) chloride (Sigma-Aldrich, 99.995%), anhydrous 
cadmium chloride (Alfa Aesar, 99.99%), anhydrous nickel chloride (Merck, 99%), 
anhydrous zinc chloride (Alfa Aesar, 98+%), palladium chloride (STREM, 99.999%), 
platinum (II) chloride (Sigma-Aldrich, 99.99%), sodium nitrate (Merck, 99.99%), 
potassium nitrate (Merck, 99.955%) and calcium nitrate tetrahydrate (Sigma-Aldrich, 
99%). Ethylenediaminetetraacetic acid (EDTA) disodium salt dihydrate (Alfa Aesar, 
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99+%) was used. Deionized water treated by Milli-Q Synthesis A10 was used for all 
solutions. All solutions were prepared using plastic volumetric flask (PFA). Reagent-
grade nitric acid (Merck, 65%), hydrochloride acid (Merck, 36.5%), anhydrous acetic 
acid (Merck, glacial, 100%) and anhydrous sodium hydroxide pellets (Sigma-Aldrich, 
reagent grade, ≥ 98% ) were used. 10 µg/ml calibration standards of Pb, Bi, Cd, Cu, 
Ni, Zn in 2% HNO3 and of Rh, Pd, Pt in 2% HCl for ICP-MS were purchased from 
High Purity Standards (SC, USA). Polypropylene (PP) conical tubes (BD Falcon) of 
50 ml and 15 ml were used for equilibrium sorption experiments and sample 
preparation for ICP-MS analysis, respectively. Aliquots were taken using a 1-ml 
syringe and filtered through a 13 mm-diameter Cronus 0.2 µm syringe filter. 
3.2.2 Instrumental Analysis 
Surface Area and Pore Size Analysis. Surface area and porosity of the 
polymer were analyzed via nitrogen sorption with a Micromeritics Tristar 3000 
Surface Area and Pore Size Analyzer at 77 K.  
pH Measurements. pH of the lead solutions was measured using Mettler 
Toledo SevenMulti pH meter calibrated with pH 4, 7 and 10 buffer solutions. pH 
adjustments were done using 0.1 M HNO3 and 0.1 M NaOH solutions. 
Inductively Coupled Plasma-Mass Spectrometry (ICP-MS). Samples were 
analyzed using Perkin Elmer SCIEX, ELAN DRC II ICP-MS with a quadrupole mass 
spectrometer. The solutions were fed through tubes via a peristaltic pump to the 
nebulizer and spray chamber. All samples were diluted using 2% HNO3, and an 
internal standard was added. Bismuth was used as an internal standard for lead 
solutions and rhodium was used an internal standard for other transition metals in the 
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ICP-MS analysis. Calibration standards for ICP-MS were prepared by dilution of 10 
µg/ml standards purchased from High Purity Standards with 2% HNO3. At least 5 
calibration standard solutions with internal standard were prepared for the calibration 
curve in ICP-MS analysis. All sample concentration analyses were performed in 
duplicates under the same instrumental conditions. Reported values are the average of 
duplicates, with standard deviations of less than 5%. 
3.2.3 Experimental Setup 
Equilibrium Sorption Experiments. Stock solutions of 1000 ppm were 
prepared by dissolving metal salts in deionized water. Metal ion solutions were 
prepared by further dilution from the stock solution. Equilibrium sorption studies 
were carried out using 0.1 g of PMF (fine powder) in 25 ml of solution with stirring 
for 2 h. Aliquots were removed using a 1-ml syringe and filtered through a 0.2 µm 
syringe filter. In pH studies, 0.1 M HNO3 or 0.1 M NaOH was added to the prepared 
metal ion solutions and pH of the resulting solution was determined by a pH meter. In 
kinetic studies, 0.4 g of PMF was stirred in 100 ml of solution and a maximum of 8 
aliquots were removed at the specified time intervals. The filtered aliquots were 
diluted with 2% HNO3 and internal standard was added prior to ICP-MS analysis.  
Lead Recovery and Recycling of PMF. After the equilibrium sorption 
experiments, PMF with adsorbed metal ions was filtered and rinsed with deionized 
water. For lead recovery, 5 ml (3x) of acid was filtered through 0.1 g of PMF with 
adsorbed metal ions. PMF was then washed with deionized water and the filtrate was 
analyzed for the recovery of metal ions. The recycled PMF was further treated with 
0.2 M NaOH and washed with deionized water until the filtrate became neutral. The 
  59 
regenerated PMF was dried in the vacuum oven at 80 °C before further equilibrium 
sorption studies. 
Dynamic Sorption Experiments. About 0.3 g of PMF (particle size of 0.5–
1.0 mm) was packed in an Omnifit column of 6.6 mm i.d. and 70 mm bed height. 
Lead solutions were prepared in deionized water. The lead solutions were pumped 
through the column using a peristaltic pump at constant flow rate. The PMF-treated 
solution was collected in 2-ml portions and analyzed by ICP-MS. In plotted curves, 
the volume of lead solution used was normalized against 0.3 g of PMF.  
3.3 Results and Discussion 
3.3.1 Lead Removal from Water 
To investigate the ability of poly-melamine-formaldehyde (PMF) to adsorb 
lead ions in water, lead solutions of two concentration ranges were first examined. 
Adsorption of lead in the ppm range could be useful for industrial wastewater 
treatment, while adsorption in the ppb range could be useful for water purification. 
Lead solutions of 50 ppm and 100 ppb were studied using base-activated PMF. The 
lead solutions were prepared in deionized water as an experiment model to study the 
adsorption properties of PMF in the absence of interfering compounds. PMF used in 
the equilibrium sorption studies were first treated with 0.2 M NaOH, washed with 
water and dried. 100 mg of PMF in 25 ml of lead solution was stirred for 2 h, and the 
solution was filtered and analyzed by ICP-MS for the presence of lead ions. 
For a lead solution of 50 ppm with no pH adjustment, 22.5% of lead removal 
and an adsorption capacity of 2.8 mg Pb/g PMF was obtained (Figure 3.1). The 
removal efficiency and adsorption capacity increased with pH. At pH 7.75, a higher 
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lead removal of 47.5% and adsorption capacity of 5.9 mg Pb/ g PMF were achieved. 
However, at pH 7.75, the equilibrium lead concentration in solution remained high at 
26.3 ppm. Hence, the amount of PMF was increased in an attempt to improve the 
removal efficiency (Figure 3.2). As the amount of PMF used per 25 ml of lead 
solution was increased from 100 mg to 300 mg, the lead removal efficiency was 
increased from 47.5% to 83.1%, and the equilibrium lead concentration was reduced 
from 26.3 ppm to 8.45 ppm. However, this was obtained at the expense of the 
adsorption capacity, which decreased to 3.5 mg Pb/g PMF. Although the adsorption 
capacity of PMF was moderately good at 5.9 mg Pb/g PMF at initial concentration of 
50 ppm and pH of 7.75 using 100 mg PMF, the low removal efficiency and high 
equilibrium lead concentration made the adsorption of lead ions in the ppm range 







































Figure 3.1 Effect of pH on lead ion removal from water at initial concentration of 50 
ppm using PMF adsorbent. Conditions: 0.1 g PMF stirred in 25 ml of lead solution 
for 2 h, pH of 5.5–7.75. 
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Figure 3.2 Effect of the amount of PMF used on the removal of lead ions at pH 7.75. 
Conditions: 0.1 g PMF stirred in 25 ml of 50 ppm lead solution for 2 h. 
 
 
To investigate the ability of PMF to remove lead ions at low concentrations, 
solutions of initial concentration between 100–900 ppb were studied (Figure 3.3). 
Deionized water was used to prepare lead solutions, with no adjustment of pH. PMF 
efficiently removed more than 99.75% of lead ions in the solutions with initial 
concentrations of 100–900 ppb under the experimental conditions. Remarkably, PMF 
could remove lead ions in solution down to trace levels (ppt). With initial lead 
concentration of 100 ppb, an extremely low equilibrium lead concentration of 0.03 
ppb was achieved, with up to 99.97% lead removal by PMF. Within the concentration 
range of 100–900 ppb studied in Figure 3.3, the equilibrium concentration of lead 
ions in solution was 2.1 ppb and below. This was well below the regulatory limits set 
by WHO and U.S. EPA of 10 or 15 ppb for lead concentration in drinking water. The 
adsorption capacity of PMF increased from 24 μg/g to 207 μg/g as the initial 
concentration of lead solution was increased from 100 ppb to 900 ppb. 
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Figure 3.3 Lead removal and equilibrium concentration with initial lead 
concentration of 100–900 ppb using PMF adsorbent. Conditions: 0.1 g PMF stirred in 
25 ml of lead solution for 2 h. 
 
 
To further investigate the adsorption capacity of PMF for lead ion adsorption 
and the respective equilibrium concentrations, higher initial concentrations were 
studied. Lead solutions with initial concentrations of 100–5000 ppb were examined, 
and a plot of adsorption capacity against equilibrium concentration was generated 
(Figure 3.4). The adsorption capacity of PMF for lead ions increased rapidly as the 
initial concentration of lead solution was increased from 100 ppb to 1500 ppb. Under 
these conditions, the PMF adsorbent was not saturated and could remove above 98% 
of lead ions from the solution with an equilibrium concentration below 25 ppb and an 
adsorption capacity of 24–363 μg/g. As the concentration of lead solution increased 
beyond 1500 ppb, the adsorption capacity of PMF gradually approached saturation. A 
capacity of 628 μg/g was attained under the experimental conditions with 5000 ppb of 
  63 
lead solution. This corresponded to an equilibrium concentration of 2215 ppb and 
























Figure 3.4 Effect of lead concentration on adsorption capacity of PMF. Conditions: 




To analyze the adsorption behavior of lead ions on PMF, the sorption data 
obtained in Figure 3.4 was studied using the Freundlich and Langmuir adsorption 
isotherm models. The Freundlich equation is expressed as log Qe = 1/n log Ce + log K, 
where 1/n and K are Freundlich constants corresponding to sorption intensity and 
sorption capacity, respectively. The Langmuir equation is expressed as Ce/Qe = 
1/(bQmax) + Ce/Qmax, where b is the Langmuir adsorption equilibrium constant (L/μg), 
and Qmax is the maximum adsorption at monolayer coverage (μg/g) . Qe and Ce are the 
amount of lead ions adsorbed per unit weight of polymer (μg/g) and the concentration 
of solution (μg/L) at equilibrium, respectively. A plot of log Qe against log Ce for the 
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(Figure 3.5). Under good adsorption conditions, the value of 1/n for the Freundlich 
equation should be between 0.1 to 1. The 1/n value obtained for lead adsorption using 
PMF was 0.264 (Table 3.1). The adsorption is defined as favorable if the 
dimensionless Langmuir equilibrium parameter RL is between 0 to 1, where RL2 = 
1/(1 + bCe). The adsorption is defined as irreversible if Langmuir parameter RL = 0, 
linear if RL = 1, and unfavorable if RL > 1.24 For the range of data obtained, the 
calculated RL values varied from 0.104 to 0.999, indicating favorable adsorption for 
the studied concentrations. The goodness of fit was obtained for both linear plots, 
with correlation coefficient of R2 value at 0.906 and 0.995 for the Freundlich and 
Langmuir plot, respectively. This indicated that the adsorption data was better 
described using the Langmuir model, suggesting a monolayer adsorption of lead ions 
on the PMF polymer surface.  
 
Table 3.1 Freundlich and Langmuir parameters for lead adsorption on PMF.  
Freundlich Model K 1/n R2 
 119.06 0.264 0.906 
Langmuir Model Qmax (μg/g) b (L/μg) R2 
 677.36 0.041 0.995 
K and 1/n are Freundlich constants corresponding to sorption capacity and sorption 
intensity respectively. Qmax is the maximum adsorption at monolayer coverage and b 
is the Langmuir adsorption equilibrium constant. 
 
y = 0.2642456179x + 2.0757590013














y = 0.0014763240x + 0.0360908957















Figure 3.5 Adsorption models plot for lead adsorption using PMF. (a) Freundlich 
plot and (b) Langmuir plot. 
(b) (a) 
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The effect of pH on lead ion removal from water with lead ion concentration 
in the ppb range was investigated. pH of the resulting lead solution was measured, 
and the change in pH value after the addition of 0.1 g of PMF to 25 ml of solution 
was taken into account in the plotted curve in Figure 3.6.  Lead solutions with initial 
concentration of 100 ppb were used, and a pH range of 3 to 8 was studied. Similar to 
pH studies at higher lead concentration of 50 ppm in Figure 3.1, the lead removal and 
adsorption capacity of PMF was found to be highly dependent on pH (Figure 3.6). At 
pH below 3.5, less than 1% of lead was removed. Lead ion adsorption became 
increasingly efficient above pH 5. At solution pH of 6.5 and above, more than 94% of 
lead ions was adsorbed by PMF and removed from the solution. The pH dependence 
was due to the presence of amine groups in PMF. PMF has a high density of amine 
groups, which acted as ligands to bind transition metal ions such as lead ions. At low 
pH, the amine groups were protonated and lost its ability to bind metal ions. As pH 
increased, the amine groups became non-protonated. The free amines acted as 
coordinating ligands to efficiently bind metal ions.  
 












































Figure 3.6 Effect of pH on lead ion removal from water at initial concentration of 
100 ppb using PMF adsorbent. Conditions: 0.1 g PMF stirred in 25 ml of lead 
solution for 2 h. pH adjusted with 0.1 M HNO3 and 0.1 M NaOH. 
 
The kinetics of lead ion adsorption by PMF was studied at 100 ppb and 500 
ppb (Figure 3.7). One of the characteristics that emerged from this study was the fast 
adsorption property of PMF. Removal efficiencies of 99% and 95% were achieved 
for lead solutions of 100 ppb and 500 ppb, respectively, within a very short contact 
time of 5 s. The rapid adsorption of lead ions could be attributed to the high surface 
area and highly porous structure of PMF. The high porosity of PMF provided good 
surface area for interaction and adsorption of lead ions in water. The ability of PMF 
to achieve fast adsorption equilibrium is a highly desirable property for practical 
applications. This property greatly reduces the application time to reach equilibrium 
for the removal of toxic metal ions such as lead from water. 




































Figure 3.7 Kinetic studies of lead adsorption by PMF. Kinetics at initial 
concentration of (a) 100 ppb and (b) 500 ppb. 
 
 
The experimental data obtained in Figure 3.7 was analyzed using Lagergren 
pseudo first-order and pseudo second-order kinetic models. Lagergren first-order 
equation is expressed as log (Qe – Qt) = log Qe – k1t/2.303, and Lagergren second-
order equation is expressed as t/Qt = 1/(k2Qe)2 + t/Qe, where Qe and Qt are the amount 































  68 
respectively, k1 is the rate constant (s-1) of pseudo first-order adsorption, and k2 is the 
rate constant (g/(μg s)) of pseudo second-order adsorption. Plots of log (Qe – Qt) 
against t for the pseudo first-order equation and t/Qt against t for the pseudo second-
order equation were plotted for lead solutions of 100 ppb and 500 ppb (Figure 3.8). 
The linear correlation coefficient R2 values for the pseudo first-order kinetic model at 
100 ppb and 500 ppb were 0.599 and 0.768, respectively (Table 3.2). For the pseudo 
second-order kinetic model, good linear fits with correlation coefficient of R2 values 
of above 0.999 were achieved for lead solutions of 100 ppb and 500 ppb. This 
suggested that the adsorption data for kinetic studies were well represented by pseudo 
second-order kinetics.  
 
Table 3.2 Lagergren pseudo first-order and pseudo second-order kinetics parameters.  
First Order k1 (s-1) R2 
100 ppb 1.041 x 10-3 0.599 
500 ppb 0.500 x 10-3 0.768 
Second Order k2 (g/(s μg)) Qe (μg/g) R2 
100 ppb 0.1395 24.59 0.999 
500 ppb 0.0373 118.34 0.999 
k1 and k2 are the rate constants and Qe  is amount of lead ion adsorbed per unit weight 
of polymer (μg/g) at equilibrium. 
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y = -0.0004519766x - 0.3936794808
R2 = 0.5986188935




















y = 0.0406665405x + 0.0849516160
R2 = 0.9999996216





















Figure 3.8 (a) Lagergren pseudo first-order and (b) Lagergren pseudo second-order 
kinetic plots for lead adsorption by PMF with 100 ppb and 500 ppb of lead solution. 
 
 
The pseudo second-order rate constants, k2, of PMF obtained for lead 
solutions of 100 ppb and 500 ppb were 0.1395 g/(s μg) and 0.0373 g/(s μg), 
respectively. Amoyaw et al. reported a chelating polymer with fast kinetics for rapid 
removal of lead ions within 30 s.25 The chelating polymer was synthesized with 
salicylaldehyde moiety and followed the pseudo second-order kinetic model with 
reported rate constants k2 of 0.01529 g/(s μg) and 0.00342 g/(s μg) for lead solutions 
of 90 ppb and 437 ppb, respectively. In comparison, PMF displayed rate constants k2 
(a) 
(b) 
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of about ten times larger and had shown high efficiency in the removal of lead ions 
within seconds. 
The fast kinetics and ability to remove lead ions to trace levels could be 
attributed to two main characteristics of PMF. Firstly, the open porous structure and 
high surface area of PMF which allowed easy access of lead ions to the amine 
functional groups. Secondly, the high density of amine groups in PMF, which acted 
as good ligands for the binding of lead ions. The amine groups present in close 




























3.3.2 Lead Removal in the Presence of Other Ions and Ligands 
Since lead ions could be removed to trace levels from solutions prepared in 
deionized water using based-treated PMF, it was of interest to determine the lead 
removal efficiency in common sources of water, such as tap water. Tap water was 
collected from the lab without further treatment. Lead solution of 500 ppb was 
prepared by diluting 50 ppm of stock solution using tap water. As the tap water in 
Singapore contains chloride ions in the range of 5–100 ppm as well as other trace 
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amounts of cations and anions,26 the tap water spiked with lead ions was left to stand 
for 2 h, filtered and analyzed to determine the actual lead ion concentration in 
solution. When the spiked tap water was treated with PMF, 99.16% of the lead ions 
were removed (Table 3.3), reducing the concentration of lead ions from 389.10 ppb to 
3.28 ppb, below the regulatory concentration of 10–15 ppb. An adsorption capacity of 
96.5 μg/g was obtained by PMF. Under similar adsorption conditions, an equilibrium 
lead concentration of 0.61 ppb was achieved for a solution prepared in deionized 
water. The higher equilibrium lead concentration of 3.28 ppb obtained for the solution 
prepared in tap water could be due to the additional chemicals present in tap water, 
which might form soluble compounds or soluble chelates with lead ions, thus 
reducing the lead removal efficiency. 
 
Table 3.3 Removal of lead ions from spiked tap water using PMF. 




% Removal Capacity 
(μg/g) 
Tap water 389.10 3.28 99.16 96.46 
Lead solution of 500 ppb was prepared from untreated tap water. Actual initial 
concentration prepared was 477.73 ppb. Upon standing, filtered solution was found to 
have 389.10 ppb of lead ions. Conditions: 0.1 g of PMF stirred in 25 ml of lead 
solution for 2 h. 
 
 
 Common alkali and alkaline earth metal ions are abundantly present in tap 
water and natural sources of water, such as mineral water and river water. It is 
important to investigate the effect of the presence of these cations on lead ion removal 
by PMF. To examine the specific effects of common cations, a synthetic aqueous 
solution containing 8.5 ppm of Na+, 1.9 ppm of K+ and 14.5 ppm of Ca2+ was 
prepared from their nitrate salts in deionized water and spiked with 100 ppb of Pb2+. 
It was found that lead removal was not affected by the presence of Na+, K+, and Ca2+ 
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cations in the ppm range. Up to 99.85% of lead ions was removed by PMF, while less 
than 2.3% and 0.3% of Ca2+ and K+ ions, respectively, were adsorbed by PMF (Table 
3.4). A slight increase in Na+ concentration in solution was detected after the 
experiment. This was probably due to the presence of Na+ in PMF which was base-
treated and activated by aqueous NaOH prior to use. There was excellent selectivity 
for the removal of toxic lead ions at the 100 ppb level in the presence of ppm levels of 
Na+, K+, and Ca2+ cations. The amine groups in PMF have weak affinity toward alkali 
and alkaline earth metal ions, thus the polymer could bind selectively with transition 
metal ions. Hence, PMF would be useful for the removal of toxic metal ions in 
contaminated sources of water, such as river water, which usually contain high 
amounts of alkali and alkaline earth metal ions. 
 
Table 3.4 Removal of lead ions in the presence of common cations using PMF. 




% Removal Capacity 
(μg/g) 
Pb2+ 93.73 0.15 99.85 23.40 
Na+ 8440 8510 -0.83 -17.5 
K+ 1875 1870 0.27 1.25 
Ca2+ 14285 13965 2.24 80 
100 ppb of Pb2+ in 8.5 ppm Na+, 1.9 ppm K+, 14.5 ppm Ca2+ prepared from nitrate 
salts in deionized water. Conditions: 0.1 g of PMF stirred in 25 ml of solution for 2 h. 
 
 
 Contaminated water and industrial wastewater containing toxic metal ions 
may contain ligands, such as ethylenediaminetetraacetic acid (EDTA), which bind 
strongly to lead ions. EDTA is a hexadentate chelating ligand which has high binding 
constant (K) with Pb2+ and has been used in chelating therapy to treat lead poisoning 
in humans.27,28 The Pb(II)-EDTA complex is soluble in water. Thus, the removal of 
lead ions in water using functionalized polymers would be compromised if the 
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affinity of lead ions for EDTA ligands is higher than that for the polymer. However, 
we found that EDTA did not significantly affect the efficiency of lead ion removal by 
PMF. In the presence of 10–1000 mol% of EDTA ligands, the removal efficiency of 
lead ions by PMF remained 98.7% or higher (Table 3.5). These results indicated the 
higher affinity of lead ions towards the amine groups in PMF over the EDTA 
chelating ligand. This observation can be explained by the presence of high density of 
amine groups in PMF, enabling strong chelating binding of PMF to lead ions as 
illustrated in Figure 3.9.  
 







% Removal Capacity 
(μg/g) 
10 95.80 1.21 98.74 23.65 
20 95.75 0.99 98.97 23.69 
50 95.61 0.47 99.51 23.79 
100 95.37 0.50 99.48 23.72 
200 94.90 0.33 99.65 23.64 
500 94.20 0.17 99.82 23.51 
1000 91.96 0.32 99.66 22.91 
Conditions: 40 mg of PMF stirred in 10 ml of 100 ppb lead solution for 2 h, with 




3.3.3 Lead Recovery and Recycling of PMF 
The pH studies in Figure 3.6 showed that PMF was efficient in lead removal 
at pH above 5 and had almost no affinity for lead ions at pH below 3.8. At low pH, 
the amine groups in PMF would be protonated and become unavailable for metal ion 
binding. Thus, PMF was subjected to acid treatment to protonate the amine groups 
and recover the adsorbed lead ions. This pH dependent property makes PMF a 
recyclable material for heavy metal removal and also for the recovery of expensive 
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heavy metals. A fresh batch of PMF was first added to a lead solution of 100 ppb and 
the polymer was then filtered and washed with dilute acid to recover the adsorbed 
lead ions. The acidic filtrate was analyzed to quantify the amount of recovered lead 
ions. Acids with varying concentrations were studied for the recycling of PMF. It was 
found that 50 mM HCl and 100 mM HCl could be used to recover more than 93% of 
the adsorbed lead ions from PMF (Table 3.6). 25 mM HCl was found to be too dilute 
and could only recover 69% of the adsorbed lead ions. The acid-washed PMF was re-
activated with dilute base solution and recycled for lead ion adsorption in 100 ppb of 
solution.  
 
















25 mM HCl 69.16 98.06 0.09 99.91 24.49 
50 mM HCl 93.95 98.06 0.315 99.68 24.44 
100 mM HCl 93.57 94.90 14.38 84.85 20.13 
5% Acetic acid 75.78 98.06 0.195 99.80 24.47 
10% Acetic acid 75.88 98.06 0.180 99.82 24.47 
Recovery conditions: PMF with adsorbed lead ions was washed with acid, rinsed with 
deionized water and re-activated with 0.2 M NaOH, followed by washing with 
deionized water. Recycling conditions: 40 mg of recycled PMF stirred in 10 ml of 
100 ppb lead solution for 2 h. 
 
 
Upon recycling, PMF that was treated with 25 mM HCl and 50 mM HCl did 
not show a significant decrease in removal efficiency and adsorption capacity. The 
recycled PMF showed a removal efficiency of more than 99.6% and an adsorption 
capacity of more than 24.4 μg/g when added to a lead solution of 100 ppb. Although 
only 69% of lead ions was recovered from PMF using 25 mM HCl, the high removal 
efficiency (99.9%) of the recycled PMF corresponded well with the fact that the 
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polymer was yet to be saturated under the studied conditions. PMF treated with 100 
mM HCl displayed a reduction in removal efficiency to 84.9% and adsorption 
capacity of 20.1 μg/g. This could be due to structural changes or deterioration 
associated with the use of higher acid concentration. Melamine-formaldehyde 
polymers are known to decompose under strongly acidic conditions.29,30 Thus, 50 mM 
HCl was found to be most appropriate for lead recovery from PMF, providing good 
recovery of lead ions as well as high lead removal efficiency upon recycling of PMF.  
Oxidation and degradation of PMF was observed when dilute HNO3, an 
oxidizing mineral acid, was used. Use of dilute acetic acid was also studied to 
determine the possibility of using vinegar, a common household acid, for recovery of 
lead ions and recycling of PMF. The use of 5% acetic acid allowed 75.8% of 
adsorbed lead ions to be recovered. An increase of acetic acid concentration to 10% 
did not result in a significant increase of lead recovery from PMF. Lead recovery 
using acetic acid was less efficient compared to the use of the stronger mineral acid, 
HCl. Upon recycling of the acetic acid-treated PMF, the removal efficiency remained 
high at 99.8% (Table 3.6). 
 

















 1 95.69 0.05 99.95 23.91 
50 mM HCl 2 90.58 0.13 99.86 22.61 
 3 95.76 0.12 99.87 23.91 
 1 95.69 0.07 99.93 23.91 
5% Acetic acid 2 90.58 0.16 99.83 22.61 
 3 95.76 0.29 99.70 23.87 
Conditions: 0.1 g of recycled PMF stirred in 25 ml of 100 ppb lead solution for 2 h. 
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To further study the removal efficiency of PMF upon repeated acid treatment, 
the polymer was recycled up to 3 times using 50 mM HCl and 5% acetic acid (Table 
3.7). The amount of lead ions adsorbed remains at 99.7% or above throughout the 3 
recycles for both 50 mM HCl and 5% acetic acid treated PMF. This illustrated that 
the structural stability of PMF remained upon repeated acidic treatment using 50 mM 
HCl and 5% acetic acid. Thus it is possible to recover lead ions and carry out repeated 
recycling of PMF using 50 mM HCl or 5% acetic acid. Under the experimental 
conditions in Table 3.7, lead adsorption of PMF was not saturated in lead adsorption. 
A trend in decreasing removal efficiency was observed but only with a slight decrease 
of ~ 0.2% in the removal efficiency. Recycling of PMF under saturated adsorption 
conditions was further examined (Table 3.8) to study the effect of PMF recycling on 
lead removal efficiency. 
 
Table 3.8 Adsorption of lead ions under saturated conditions and recycling of PMF 













 1a 97.10 46.33 52.29 63.47 
50 mM HCl 2b 97.16 58.76 39.52 48.00 
 3b 97.10 60.81 37.38 45.37 
 1a 95.15 45.61 52.07 61.93 
5% Acetic acid 2b 96.79 62.27 35.66 43.14 
 3b 97.19 67.93 30.11 36.58 
Conditions: a 0.1 g of PMF stirred in 125 ml of 100 ppb lead solution for 2 h. b 0.1 g 
of recycled PMF stirred in 125 ml of 100 ppb lead solution for 2 h. 
 
 
 Specifically, 0.1 g of PMF was added to 125 ml instead of 25 ml of 100 ppb 
lead solution (Table 3.8). Under such conditions, at least 45 ppb of lead ions 
remained in the PMF-treated solution at equilibrium. The decrease in removal 
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efficiency and adsorption capacity of recycled PMF was evident under saturated 
adsorption conditions. When recycled using 50 mM HCl, the removal efficiency of 
PMF decreased from 52% to 40%. Upon the second recycle, the removal efficiency 
was further reduced to 37%. The decrease in removal efficiency and adsorption 
capacity was due to the incomplete recovery of lead ions upon each acidic recycle of 
PMF (Table 3.6). As acetic acid is less efficient in lead recovery compared to HCl, 
the decrease in removal efficiency of lead ions by PMF recycled using 5% acetic acid 
was greater, decreasing from 52% to 36% and 30% after recycling. While it is 
possible to recover lead ions and recycle PMF for lead adsorption, the removal 
efficiency, cost of recycling, reagents used and waste regenerated are factors to be 
considered for practical recycling of the PMF adsorbent. 
3.3.4 Lead Removal from Water in Dynamic Column 
Besides investigating lead ion adsorption under equilibrium conditions, 
dynamic adsorption was also investigated using a continuous flow of lead solution 
through a column packed with PMF. A glass column of internal diameter of 6.6 mm 
and bed height of 70 mm with a volume of 2.4 cm3 was used. The column was packed 
with about 0.3 g of base-treated PMF. To prevent the build up of back pressure and 
resistance to solution flow, PMF particles of 0.5–1.0 mm was used instead of fine 
PMF powder (~ 50 μm). Lead solution of 50 ppb prepared from deionized water was 
pumped through the column using a peristaltic pump at a constant flow rate. The 
effluent was collected in aliquots and analyzed by ICP-MS. 
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Figure 3.10 Dynamic column adsorption profiles of lead ion adsorption by PMF with 
initial concentration of 50 ppb at different flow rates. Conditions: Column packed 
with 0.3 g of PMF and total solution volume of at least 110 ml. 
 
 
The effect of flow rate on dynamic adsorption was investigated. Flow rates of 
0.4 ml/min, 1.0 ml/min and 2.5 ml/min were examined for 50 ppb of lead solution. 
With slower flow rate, there was longer contact time with PMF in the column and 
better water purification efficiency. With increasing flow rate from 0.4 ml/min and 
1.0 ml/min to 2.5 ml/min, the volume of effluent with lead ion concentration of ≤ 10 
ppb decreased from 73 ml and 72 ml to 32 ml, respectively (Table 3.9). At higher 
flow rate of 2.5 ml/min, the total volume of effluent with average concentration of 10 
ppb decreased from 112 ml to 63 ml. The reference concentration of 10 ppb was 
chosen because it corresponds to the stricter regulatory limit imposed by WHO and 
U.S. EPA. While effluent with lead ion concentration of less than 10 ppb provides 
important data for point-of-use devices, effluent concentration of average 10 ppb 
would provide useful data for water purification devices that require storage of a 
certain volume of water after filtration through the column. The dynamic column 
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curves displayed efficient removal of lead ions to less than 1 ppb for initial portions 
of solution (Figure 3.10). This highly efficient removal of lead ions to < 1 ppb was 
achieved dynamically because PMF provided fast adsorption kinetics and strong 
binding affinity for lead ions. The overall adsorption capacity of PMF at total effluent 
volume of 110 ml decreased from 14.3 µg/g to 11.3 µg/g when the flow rate was 
increased from 0.4 ml/min to 2.5 ml/min. This was because the binding sites in PMF 
became increasingly occupied with lead ions with continuous flow. A faster flow rate 
would not allow sufficient time for the diffusion of lead ions to the remaining free 
sites on PMF. Thus breakthrough of the adsorption curve occurred at smaller effluent 
volume at faster flow rate of 2.5 ml/min. However, if the dynamic experiments were 
to continue until complete saturation of the PMF adsorption sites, the same maximum 
adsorption capacity would be achieved theoretically for all 3 flow rates.  
 





















0.4 73 112 11.3 14.3 14.3 
1.0 72 112 11.2 14.2 14.2 
2.5 32 63 5.0 8.0 11.3 
Conditions: Lead solution of 50 ppb flowing through a column packed with 0.3 g of 
PMF, with total solution volume of ~ 110 ml used.  
 
 
The effect of lead solution concentration in dynamic column adsorption was 
investigated. Compared to the dynamic adsorption profile of 50 ppb, breakthrough 
occurred at smaller effluent volume when a higher concentration of 100 ppb lead 
solution was used (Figure 3.11(a)). At a constant flow rate of 1.0 ml/min, the volume 
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of effluent with lead ion concentration of ≤ 10 ppb was 21 ml (Table 3.10) for the 100 
ppb lead solution. Due to the difference in initial lead solution concentrations, the two 
dynamic adsorption profiles would be better compared in a plot of % lead removal 
against adsorption capacity (Figure 3.11(b)). For a major portion of the dynamic 
adsorption profile, a higher percentage of lead ion removal and better adsorption 
capacity were achieved with a lower lead solution concentration of 50 ppb. The 
adsorption capacity of PMF for effluent lead concentration of ≤ 10 ppb was 11.2 μg/g 
and 6.5 μg/g, respectively, for lead solutions of 50 ppb and 100 ppb. As expected, 
when the dynamic experiment was continued to allow the lead ion adsorption of PMF 
to reach saturation, a larger adsorption capacity was achieved by PMF for the more 
concentrated lead solution. The adsorption capacity of PMF for 110 ml of effluent 
was 14.2 μg/g and17.7 μg/g, respectively, for initial lead concentration of 50 ppb and 
100 ppb.  
 






















50 72 112 11.2 14.2 14.2 
100 21 32 6.5 9.2 17.7 
Conditions: Column packed with 0.3 g of PMF and total solution volume of ~ 110 ml 
at flow rate of 1.0 ml/min. 
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Figure 3.11 (a) Dynamic column adsorption profiles of lead ion adsorption by PMF 
with initial concentration of 50 ppb and 100 ppb. (b) Plot of % lead removal against 
adsorption capacity at different initial concentration. Conditions: Column packed with 
0.3 g of PMF and total solution volume of at least 110 ml at flow rate of 1.0 ml/min. 
 
 
 The feasibility of recycling PMF in dynamic column was tested. Dynamic 
adsorption experiment was carried out using an initial lead ion concentration of 50 
ppb at a flow rate of 1.0 ml/min. After the adsorption experiment, PMF was washed 
(b) 
(a) 
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with 50 mM HCl to elute lead ions that were adsorbed by PMF. The polymer was 
rinsed with water and reactivated using 0.2 M NaOH. To ensure that the change in pH 
did not significantly alter the adsorption efficiency of PMF in subsequent recycles, 
PMF was rinsed with water until the eluent pH was close to neutral. The dynamic 
column adsorption experiment was carried out a total of three times with two recycles 
(Figure 3.12). A slight improvement in adsorption efficiency was observed with the 
recycling of PMF in dynamic adsorption (Table 3.11). This could be due to the base 
activation of the PMF polymer after each recycle, where a slight increase in pH could 
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Figure 3.12 Dynamic column adsorption profiles of lead ion adsorption by PMF with 
recycling for 2 runs. Dynamic column conditions: 0.3 g of PMF, initial concentration 
of 50 ppb and total solution volume of at least 110 ml at flow rate of 1.0 ml/min. 
Recycling conditions: PMF was washed with 50 mM HCl (5 ml x 3) and rinsed with 
water (2.5 ml x 3) to recover the adsorbed lead ions. The recycled PMF was 
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Recycling of PMF in dynamic columns is feasible only if the volume of water 
purified by PMF is much more than the amount of water used in recycling and 
recovering of lead ions. In recycling studies, portions of 5 ml of 50 mM HCl were 
pumped through the column and the eluent was collected and analyzed for lead 
recovery. Recycling was carried out at a faster flow rate of 5 ml/min. Under the 
experiment conditions, the amount of acid required to sufficiently recover lead ions 
from PMF was optimized to a total volume of 15 ml. 7.5 ml of water was used for 
rinsing, which was followed by 7.5 ml of base for PMF reactivation. Lastly, 12.5 ml 
of water was used to rinse the PMF to prevent the high pH from affecting the lead 
adsorption profiles in the subsequent runs. A total of 42.5 ml of water was used in the 
recycling process. This could be compared to at least 71 ml of effluent that was 
purified to ≤ 10 ppb lead ions in the dynamic column adsorption. The volume of 
purified water was larger than the volume of waste generated during recycling. 
However, it would be desirable if the ratio of these two volumes could be further 
increased. There are several instances where the volume of purified water could be 
increased. This could be achieved at slower flow rates or with lower initial 
concentration of lead ions, as investigated in Figure 3.10 and 3.11, respectively. Also 
at higher pH, the adsorption capacity of PMF could be increased due to the presence 
of more non-protonated amine groups, thus increasing the volume of purified effluent. 
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Table 3.11 Effect of PMF recycling on dynamic lead adsorption. 
Run Volume of Effluent (ml) Adsorption Capacity (μg/g) 
Effluent 
Concentration 










1 72 112 11.2 14.2 
2 71 118 11.6 16.1 
3 78 130 12.5 17.6 
Conditions: Column packed with 0.3 g of PMF, initial lead ion solution of 50 ppb at 
constant flow rate of 1.0 ml/min. Recycling conditions: PMF was washed with 50 
mM HCl (5 ml x 3) and rinsed with water (2.5 ml x 3) to recover the adsorbed lead 
ions. The recycled PMF was reactivated using 0.2 M NaOH (2.5 ml x 3) and washed 
with water (2.5 ml x 5). 
 
 
In dynamic adsorption experiments at a higher pH, higher removal efficiency 
and adsorption capacity were obtained by PMF (Figure 3.13). Deionized water with 
an intrinsic pH of ~ 5.5 and an adjusted pH of ~ 7 was used to prepare lead solutions 
of 50 ppb. At a constant flow rate of 1.0 ml/min, 145 ml and 72 ml of effluent with ≤ 
10 ppb of lead ions were achieved at pH 7 and 5.5, respectively (Table 3.12). A 
higher adsorption capacity of 19.0 μg/g was obtained at higher pH compared to 11.2 
μg/g at lower pH. The presence of more non-protonated amine groups for adsorption 
of lead ions at higher pH was reflected in the higher removal efficiency and 
adsorption capacity obtained in dynamic adsorption.  
At higher pH, 145 ml of effluent with ≤ 10 ppb of lead ions was achieved. The 
volume of purified water was much larger than the volume of waste generated during 
PMF recycling (42.5 ml). In addition, when dynamic column was carried out at pH ~ 
7, the volume of waste generated during recycling would be reduced, as less water is 
required for rinsing to lower the pH of the recycled PMF after base activation. Hence, 
the recovery of lead ions and recycling of PMF would be more feasible at pH ~ 7.  
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Figure 3.13 (a) Dynamic column adsorption profiles of lead ion adsorption by PMF 
with pH of deionized water used at pH ~ 5.5 and pH ~ 7. (b) Plot of % lead removal 
against adsorption capacity at different pH. Conditions: Column packed with 0.3 g of 
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Table 3.12 Effect of pH on dynamic lead adsorption by PMF. 
pHa Initial Conc. 
(ppb)b 
Effluent Concentration ≤ 10 ppb 
Volume of Effluent (ml) Adsorption Capacity (μg/g) 
5.5 48.885 72 11.2 
7.0 41.258 145 19.0 
a Deionized water of intrinsic pH ~ 5.5 and deionized water of pH ~ 7 (adjusted with 
NaOH) used to prepare 50 ppb of lead solution. b Actual initial lead concentration 
obtained by filtering and analyzing the prepared solution. Conditions: Column packed 
with 0.3 g of PMF, at constant flow rate of 1.0 ml/min. 
 
 
The dynamic column adsorption experiments revealed that water could be 
purified efficiently with lead ion removal to below 1 ppb. This could be achieved in 
dynamic flow due to the fast adsorption kinetics of PMF. In addition, the lead ions 
removed by PMF could be recovered dynamically using dilute acid solutions and 
PMF was demonstrated to be a recyclable adsorbent that could be efficiently 
regenerated for repeated lead ion removal.  
3.3.5 Investigating Removal of Other Toxic Metals 
The removal of lead from water is important due to its toxicity and ill effects 
on human health. Besides lead, PMF was examined for the removal of other toxic 
metals regulated in drinking water. In particular, cadmium and copper were 
investigated. Cadmium is widely used in batteries and is present as a contaminant in 
zinc used in galvanized pipes.19 Long-term exposure to cadmium can cause kidney 
damage.31,32 The drinking water regulatory limit for cadmium is set at 5 ppb by the 
U.S. EPA.19 Copper contamination in water is usually attributed to the corrosion of 
household plumbing systems and erosion of natural deposits.19 Although copper is an 
essential nutrient, overexposure to copper is known to cause gastrointestinal distress 
and liver or kidney damage.33 The U.S. EPA drinking water regulatory limit for 
copper is set at 1300 ppb.19  
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Equilibrium adsorption experiments were carried out for heavy toxic metals 
using 40 mg of PMF and 10 ml of metal ion solution. For cadmium solutions of 100 
ppb and below, PMF achieved efficient cadmium ion removal of 99.69% and above, 
with an equilibrium cadmium concentration below 0.1 ppb (Table 3.13). For 
cadmium solution of 500 ppb, the removal efficiency decreased significantly to 
63.7% with 176 ppb of cadmium ions remaining in solution.  
For copper, high removal efficiency of 99.8% and above was achieved by 
PMF for copper solutions of 100 ppb and 500 ppb. For copper solutions of less than 
3000 ppb, copper ions were removed by PMF to below the regulatory limit of 1300 
ppb. Under the experimental conditions, equilibrium concentration of copper was 
above the regulatory limits when copper solutions of above 4000 ppb were used. 
From the single-ion equilibrium experiments, the affinity of PMF for toxic metal ions 
increased in the order of Pb2+ > Cu2+ > Cd2+.  
Other toxic metals, regulated in secondary drinking water regulations of WHO 
and U.S. EPA, such as nickel and zinc, were also tested in single-ion equilibrium 
experiments. However, PMF has a low affinity for nickel and zinc ions under the 
studied experimental conditions. For both solution concentrations of 100 ppb and 500 
ppb, less than 5.7% and less than 7.8% removal of metal ions was observed for nickel 
and zinc, respectively. The WHO and U.S. EPA regulatory drinking water guideline 
for nickel and zinc are 70 ppb and 5000 ppb, respectively.19,34 
Common heavy metal contaminations found in wastewater in the medical and 
pharmaceuticals industry, such as palladium and platinum, were also investigated. 
According to the European Medicines Agency, the oral permitted daily exposure 
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(PDE) for palladium and platinum is 100 μg per day.35 In single-ion equilibrium 
adsorption experiments with initial concentration of 100 ppb and 500 ppb, PMF 
displayed good removal efficiency for palladium at 99.7% and above; and moderate 
affinity for platinum at 46–58 % removal.  
 
Table 3.13 Removal efficiency and adsorption capacity of PMF for toxic metal ions 














 25 26.17 0.08 99.69 6.52 
 50 53.00 0.06 99.89 13.24 
Cd 75 77.98 0.06 99.92 19.48 
 100 99.47 0.01 99.98 24.87 
 500 483.78 175.83 63.66 76.99 
 100 96.06 0.02 99.98 24.01 
 500 475.03 0.98 99.79 118.51 
Cu 2000 1949.50 307.40 84.23 410.53 
 3000 2756.55 868.35 68.50 472.05 
 4000 3658.00 1687.40 54.69 500.15 
 5000 4604.25 2316.00 49.70 572.06 
Pd 100 95.25 0.25 99.74 23.75 
 500 486.78 0.63 99.87 121.54 
Pt 100 101.39 54.37 46.38 11.76 
 500 502.53 21.76 58.06 72.94 
Conditions: 40 mg of PMF stirred in 10 ml of metal ion solution for 2 h. 
 
A multiple-ion equilibrium adsorption experiment was conducted to further 
study the adsorption of toxic metal ions by PMF in the presence of several metal ions. 
A mixture of lead, cadmium, copper, nickel and zinc ions with initial concentration of 
100 ppb each was prepared in deionized water and treated with PMF (Table 3.14). 
There was very good removal for lead, copper and cadmium ions with more than 96% 
removal. In the presence of various toxic metal ions, the affinity of PMF towards lead 
remained high with up to 99.8% adsorption of lead ions. Affinity of PMF for zinc and 
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nickel ions was lower, at 48.1% and 7.1% removal, respectively. It was interesting to 
note that the adsorption of zinc and nickel ions increased in multiple-ion adsorption 
as compared to single-ion adsorption, especially for zinc ions. This suggested assisted 
binding for other metal ions in the presence of a mixture of metal ions absorbed on 
PMF. In the multiple-ion equilibrium experiment, the affinity of PMF for toxic metal 
ions was in the order of Pb2+ > Cu2+ ~ Cd2+ >> Zn2+ >> Ni2+. 
 
Table 3.14 Removal efficiency and adsorption capacity of PMF for toxic metal ions 
of lead, cadmium, copper, palladium and platinum in a multiple-ion equilibrium 
adsorption experiment. 




% Removal Capacity 
(μg/g) 
Pb 97.93 0.16 99.84 24.44 
Cd 97.12 3.62 96.28 23.38 
Cu 94.91 2.87 96.98 23.01 
Ni 96.41 89.56 7.11 1.71 
Zn 94.94 49.30 48.07 11.41 




Mesoporous PMF has high surface area, good porosity and a high density of 
amine and triazine functional groups. The polymer was found to be highly effective in 
removing toxic lead ions from water. PMF displayed high removal efficiency above 
99.75% for lead solutions of 100–900 ppb, under the studied experimental conditions. 
Of particular interest is the ability of PMF to reduce lead ions in water to trace levels 
(ppt). Fast kinetics was also observed for the adsorption of lead ions by PMF. Due to 
its high surface area and high density of amine groups, PMF was found to adsorb up 
to 99% of lead ions within a short contact time of 5 seconds for a lead solution of 100 
ppb. The lead adsorption by PMF was pH dependent and efficient lead adsorption 
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was achieved in solution at pH above 5. Recycling of PMF was accomplished with 
the use of dilute acid, such as 50 mM HCl and 5% acetic acid, by protonating the 
amine groups and recovering the lead ions. Adsorption of metal ions using PMF was 
found to be highly selective towards lead ions in the presence of main group cations, 
such as Na+, K+ and Ca2+, which are commonly found in water. The presence of 
hexadentate ligand, EDTA, did not affect the binding of lead ions to PMF. Efficient 
removal of lead ions from spiked solutions of untreated tap water was also 
demonstrated. The feasibility of lead ion removal from water in dynamic flow was 
successfully demonstrated. PMF also displayed good affinity towards other toxic 
metals, including cadmium, copper and palladium. In multiple-ion equilibrium 
experiments, the affinity of PMF for toxic metal ions was in the order of Pb2+ > Cu2+ 
~ Cd2+ >> Zn2+ >> Ni2+. The ease of synthesis and low cost, coupled with the high 
removal efficiency and fast adsorption kinetics of toxic lead ions, make PMF an 
attractive adsorbent for the purification of wastewater and contaminated water. 
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CHAPTER 4 
Application of Poly-Melamine-Formaldehyde in Catalysis: 
Chemoselective Acetalization of Aldehydes 
 
4.1 Introduction 
The novel mesoporous organic polymer, poly-melamine-formaldehyde (PMF), 
that we have developed has high surface area and a high density of triazine and amine 
(-NH-CH2-NH-) functional groups.1 These properties of PMF allow the material to 
have potential in catalytic applications.2-5 Many porous organic polymers with 
nitrogen-containing functional groups, such as amine, triazine and porphyrin, have 
found applications as polymeric ligands in organometallic catalysis.6-11 There are, 
however, very few reports using melamine or melamine-containing resins and 
polymers as catalyst.12-15  
With the high density of amine functional groups, PMF would be of interest as 
a heterogeneous organocatalyst for reactions that are known to be catalyzed by 
amines or Lewis bases. We screened several amine-catalyzed reactions over PMF. 
During one of the trial reactions in the presence of aldehyde in methanol, dimethyl 
acetal product was observed. This unexpected amine-catalyzed acetalization reaction 
was further investigated in this study. 
Protection of carbonyl compounds, such as aldehydes, by acetalization is a 
useful technique commonly used in multistep drug synthesis, organic and 
carbohydrate chemistry.16-18 Synthesis of acetals is also widely employed for use in 
daily products such as detergents, cosmetics and fragrances.19 Conventionally, the 
acetalization reaction involves reacting carbonyl compounds with alcohol or diol 
using inorganic acids, such as hydrochloric acid (HCl), as catalyst.20,21 The water 
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produced in this reaction is often removed by physical means of azeotropic 
distillation or by chemical means of using water scavengers, such as 
trialkylorthoformate, to shift the equilibrium and improve product yield.22,23 
Conventional synthesis of acetals have several drawbacks and limitations, namely, the 
use of corrosive acid catalyst, high reaction temperatures, the need for excess amount 
of drying agents, poor chemoselectivity, incompatibility for substrates containing 
acid-sensitive functional groups, and difficulty in catalyst recovery and recycling.24-26 
Thus, there have been continuous efforts devoted toward developing acetalization 
protocols that are mild, non-corrosive, chemoselective, compatible for acid-sensitive 
substrates and efficient, with ease of catalyst recycling.24,27-29 A thorough literature 
search indicated that the use of amine or nitrogen-containing organocatalyst for 
acetalization has not been reported. There are only some reports on acetalization 
under basic conditions,30,31 using NH3 and Et3N reagents with TiCl4 as a Lewis acid 
catalyst.32 
In this study, the PMF-catalyzed acetalization reaction and its reaction 
mechanism were investigated. Our goal is to develop a catalytic acetalization reaction 
that is mild, efficient, suitable for acid-sensitive products, chemoselective, and has 
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4.2 Experimental Section 
4.2.1 Materials and Reactions 
Synthesis and Characterization of PMF. Melamine (0.378 g, 3 mmol) and 
paraformaldehyde (1.8 eq, 0.162 g, 5.4 mmol) were mixed with 3.36 ml (overall 
concentration of 2.5 M) of dimethyl sulfoxide (DMSO) in a 15-ml Teflon container 
secured in a steel reactor. The reaction mixture was heated to 120 °C in an oven for 1 
h. The reactor was then carefully removed from the oven for stirring on a magnetic 
stirrer plate to obtain a homogeneous solution. It was then heated in the oven to 
170 °C for 72 h. The reaction was allowed to cool to room temperature, and the solid 
obtained was crushed, filtered, and washed with DMSO, acetone, tetrahydrofuran 
(THF) and CH2Cl2. The resulting white solid was dried under vacuum at 80 °C for 24 
h. Elemental analysis: C 33.90%, H 4.83%, N 39.61%, S 5.05%. The resulting white 
polymer has BET surface area of 930 m2/g, BJH pore width of 15.7 nm, total pore 
volume of 1.90 cm3/g and micropore volume of 0.21 cm3/g, as analyzed by N2 
sorption at 77 K. 
Treatment of PMF. PMF as catalyst for acetalization was used as 
synthesized unless otherwise indicated. To test the acidity of PMF, 1.8 g of PMF was 
stirred in 20 ml of deionized water in a centrifuge tube. For base treatment, PMF was 
first washed with deionized water, and then stirred in 0.2 M NaOH. The polymer was 
filtered and rinsed with deionized water until the filtrate became neutral. 
General Acetalization Procedure. Glassware used was dried in the oven at 
100 °C. 2 mg of PMF catalyst was used with 1 mmol of carbonyl substrate and 1 ml 
of solvent. Methanol (anhydrous, 99.8%) or 1,3-propandiol (98%) were used. The 
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reaction was stirred at room temperature or heated to reaction temperature and 
monitored by gas chromatography-mass spectrometry (GC-MS). The product was 
extracted using CH2Cl2, washed with H2O and brine, and dried over Na2SO4. The 
organic layer was concentrated in vacuo and column purification on silica gel was 
carried out using hexane/ethyl acetate in 1% triethyl amine to obtain the product and 
its isolated yield. The purified product was characterized by 1H and 13C nuclear 
magnetic resonance (NMR) spectroscopy, and GC-MS.  
Recycling of PMF Catalyst. 2.5 mmol of trans-cinnamaldehyde was reacted 
with 2.5 ml of 1,3-propanediol with 5 mg of PMF catalyst at room temperature. After 
reaction, the reaction mixture was filtered. The filtrate was collected, extracted with 
CH2Cl2, washed with H2O and brine, and dried over Na2SO4. The organic layer was 
concentrated in vacuo and NMR was carried out with mesitylene as internal standard. 
The recovered solid catalyst was reused for subsequent runs.  
4.2.2 Characterization 
GC-MS was performed with Shimadzu GC-2010 coupled with GCMS-
QP2010. 1H and 13C NMR spectra were obtained using a Brucker AV-400 (400 MHz) 
spectrometer. Nitrogen sorption analysis was performed on a Micromeritics Tristar 
3000 at 77 K. Elemental analysis (C, H, N, S) was performed on Elementar Vario 
Micro Cube.  
4.3 Results and Discussion 
4.3.1 Investigation of Reaction Conditions 
The reaction of aldehyde with methanol to form the dimethyl acetal was found 
to proceed in the presence of mesoporous poly-melamine-formaldehyde (PMF). 
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Various reaction conditions, including the amount of PMF catalyst, amount of solvent, 
reaction temperature and reaction time, were investigated. Trans-cinnamaldehyde was 
chosen as the model substrate as it contains an α,β-unsaturated C=C bond, which is 
sensitive to acidic conditions and can undergo carbon-carbon double bond 
isomerization. The acetalization reaction using PMF catalyst should be mild and 
suitable for acid-sensitive substrates. PMF was found to catalyze the formation of 
dimethyl acetal from trans-cinnamldehyde and methanol without cis-trans 
isomerization, as analyzed by NMR. The reaction reached equilibrium with 65% 
yield in 8 h at room temperature using an optimized reaction condition of 2 mg PMF 
and 1 ml of solvent per mmol of substrate (Table 4.1, Entry 1). Further increase in 
reaction time or reaction temperature did not result in an increase in yield (Table 4.1, 
Entry 1 and 2). This was probably due to the presence of water, generated as a by-
product in the reaction, which assisted in hydrolyzing the acetal product back to the 
aldehyde starting material, thus shifting the reaction equilibrium towards the left. 
Addition of trimethyl orthoformate as a water scavenger increased the yield to 84% 
(Table 4.1, Entry 3). Trimethyl orthoformate acted as both an O-methylation reagent 
and water scavenger in the acetalization reaction. Trimethyl orthoformate is known to 
react with water to form methanol and methyl formate. Without the PMF catalyst, no 
reaction was observed after 8 h (Table 4.1, Entry 4).  
Besides the high density of amine groups (Figure 4.1), PMF was also found to 
be slightly acidic in nature. The pH of deionized water decreased from pH 5.5 to pH 
4.0 when 1.8 g of PMF was stirred in 20 ml of deionized water. The amine groups (-
NH-CH2-NH-) and the weak acidity of PMF confer the polymer a dual functionality 
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as a heterogeneous catalyst. Upon treatment with base to neutralize the acidity of 
PMF, a decrease in yield was observed (Table 4.1, Entry 5). The moderate yield 
obtained using base-treated PMF indicated the catalytic role of the amine groups in 
PMF catalyst for acetalization of aldehyde substrate. With untreated PMF as catalyst, 
the higher yield portrayed the dual functionality of both the acidic groups and the 
amine groups of PMF in catalyzing the acetalization reaction.  
When acetalization was carried out in 1,3-propanediol to form 1,3-dioxane-
protected cinnamaldehyde, a good yield of 83% was achieved within 24 h at room 
temperature without the use of drying agents or water scavengers (Table 4.1, Entry 6). 
The equilibrium was shifted to the right due to the formation of a more stable 6-
membered cyclic 1,3-dioxane protecting group, compared to dimethyl acetal, which is 
more prone to hydrolysis. When the reaction temperature was increased to 40 ºC, a 
yield of 85% could be achieved in a shorter reaction time of 8 h. 1,3-dioxane is a 
common and useful acetal protecting group used in the protection of aldehydes and it 
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Entry Catalyst Additives Temp. 
(°C) 
Yielda (%) 
8 h 24 h 
1 PMF — RT 65 68 
2 PMF — 40 64  
3 PMF Trimethylorthoformate (1.65 eq) RT 84  
4 — — RT 0 14 
5 PMF* b — RT 51  
6 PMFc — RT 62 83 
7 PMFc — 40 85  
General reaction conditions: 1 mmol of trans-cinnamaldehyde in 1 ml of anhydrous 
methanol and 2 mg of PMF.  
a GC yield. 
b Base-treated PMF. 
c 1,3-Propanediol used instead of methanol. 
 
 
4.3.2 Amine-Catalyzed Acetalization 
Since PMF was found to catalyze the acetalization of trans-cinnamaldehyde, 
the melamine monomer and other small molecules of similar functionalities were 
examined as catalysts to elucidate the reaction mechanism and further investigate the 
amine-catalyzed acetalization reaction. It was hypothesized that the amine-catalyzed 
acetalization occurred through hydrogen bond activation of the aldehyde substrate 
with the catalyst. PMF consisted of a high density of amine groups that could support 
double hydrogen bonding to aldehyde substrates. Literature search revealed one 
example where acetalization occurred via hydrogen bonding. In 2006, Kotke and co-
worker reported the acetalization of carbonyl compounds catalyzed via double 
hydrogen bonding using an electron-deficient thiourea derivative, N,N’-bis[3,5-
bis(trifluoro-methyl)phenyl] thiourea, in the presence of trialkyl orthoformate.33 In 
the study,  the thiourea derivative was used at 0.01–1 mol% catalyst loading and 
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produced the respective acetals in 65–99% yield. The electron-deficient thiourea 
catalyst was designed to be capable of ‘partial protonation’ of carbonyl compounds 
via hydrogen-bonding. The authors claimed that the formation of hydrogen bonding 
activated the carbonyl substrate and also stabilized the negative charge of the 
carbonyl oxygen in the transition-state during acetalization.  
In our study, amines with similar structure to melamine, such as 3-
aminopyridine and 4-aminopyridine, were investigated as catalysts (Table 4.2).  It 
was observed that with 3-aminopyridine catalyst, which has amine group in close 
proximity to the nitrogen on the pyridine ring, moderate product yield of 53% was 
obtained at 60 °C after 32 h (Table 4.2, Entry 3). With 4-aminopyridine, almost no 
reaction occurred after 32 h (Table 4.2, Entry 4). This could likely be due to the high 
pKa of 4-aminopyridine and/or the weaker hydrogen bonding activation of the 
aldehyde substrate with the para-position aminopyridine catalyst. Reaction using 2-
aminopyridine as catalyst resulted in decomposition of the reaction mixture (Table 
4.2, Entry 2), yielding a dark brown mixture. With 2-aminopyrimidine as catalyst, 
47% yield was obtained (Table 4.2, Entry 5). Further investigation with 2-pyridinol as 
catalyst afforded the acetal in moderate yield of 52%, despite its high pKa value of 
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General reaction conditions: 1 mmol of trans-cinnamaldehyde in 1 ml of anhydrous 
methanol and 10 mol% amine catalyst at 60 °C for 32 h.  
a GC yield.  























Figure 4.2 Schematic diagram illustrating activation of trans-cinnamaldehyde 
substrate via double hydrogen bonding with (a) melamine, (b) 2-pyridinol, and lack 
of double hydrogen bonding activation using (c) 4-aminopyridine.  
 
The results in Table 4.2 suggested that hydrogen bonding activation played a 
major role in aldehyde activation (Figure 4.2) and acetal formation. The acetalization 
reaction proceeded with 10 mol% 2-pyridinol at 60 °C despite its high pKa of 11.7; 
(a) (b) (c) 
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and there was almost no reaction using 4-aminopyridine as catalyst under the same 
reaction conditions. 4-aminopyridine does not favor double hydrogen bonding due to 
its amino group in the para-position (Figure 4.2(c)). The reactions using small amine-
based catalysts were slow and sluggish (Table 4.2). Using PMF as the catalyst 
resulted in improved yield and shorter reaction times (Table 4.1). PMF also has the 
advantage of being a heterogeneous catalyst, enabling ease of separation and catalyst 
recycling. 
4.3.3 Substrate Scope and Catalyst Recycling 
The substrate scope for acetalization using 1,3-propanediol with PMF catalyst 
was investigated (Table 4.3). The reaction was found to be chemoselective to 
aldehydes and did not react with ketones (Table 4.3, Entry 2 and 3). Thus, this mild 
protocol could be useful for the protection of aldehydes in the presence of ketones 
and acid-sensitive groups. An excellent yield of 90% was obtained with benzaldehyde 
(Table 4.3, Entry 1). In the presence of electron-donating groups on the benzene ring, 
such as methoxy group in the para-position (4-methoxybenzaldehyde), an isolated 
yield of 78% was obtained (Table 4.3, Entry 4). When solid substrates were used, the 
reaction temperature was increased from room temperature to 40 °C and above to 
improve their solubility in the reaction. 4-chlorobenzaldehyde (Table 4.3, Entry 5) 
gave an isolated yield of 74% at 40 °C, while 4-bromobenzaldehyde (Table 4.3, Entry 
6) gave an isolated yield of 75% at 60 °C. For substrates with electron-withdrawing 
groups in the para-position, such as 4-nitrobenzaldehyde and 4-cyanobenzaldehyde 
(Table 4.3, Entry 7 and 8), higher reaction temperature was required. Trace product 
was formed at 40 °C and moderate yields were obtained at 60 °C. When the reaction 
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temperature was further increased to 80 °C, excellent isolated yields of 94% and 90% 
were obtained for 4-nitrobenzaldehyde and 4-cyanobenzaldehyde, respectively. For 
substrates with moderately electron-withdrawing group in the para-position, such as 
methyl ester (Table 4.3, Entry 9), an excellent yield of 98% was obtained at 60 °C. 
Biphenyl-4-carboxaldehyde (Table 4.3, Entry 10), with a phenyl-ring at the para-
position, gave a yield of 90% at 80 °C. Ortho-substituted electron-donating substrates, 
such as salicylaldehyde (Table 4.3, Entry 11), afforded the product in 79% yield at 
40 °C. Reaction with derivatives of trans-cinnamaldehyde, such as 4-
nitrocinnamaldehyde (Table 4.3, Entry 12) and α-methyl-trans-cinnamaldehyde 
(Table 4.3, Entry 13), afforded yields of 73% at 40 °C. Hydrocinnamaldehyde (Table 
4.3, Entry 14), an aliphatic aldehyde, reacted at 60 °C to afford the acetal product at 
87% yield. The reaction also proceeded well with aldehyde substrates, such as 2-
naphthaldehyde (Table 4.3, Entry 15), with good yield of 94% at 60 °C.  
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60 97 (94) 
General reaction conditions: 1 mmol of substrate in 1 ml of 1,3-propanediol and 2 mg 
PMF catalyst for 24 h, unless otherwise specified. 
a GC yield; isolated yield in parenthesis.  
b No reaction.  
c Reaction time of 8 h. 
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The polymeric mesoporous PMF is a solid powder that can be easily filtered 
and separated from the reaction mixture. The heterogeneous organocatalyst was 
recycled and used up to five times with no loss in catalytic activity (Figure 4.3). The 
crude product was analyzed by NMR after extraction from the reaction mixture. The 
1H NMR spectrum showed peaks corresponding to the 2-(trans-styryl)-1,3-dioxane 
product: 1H (400 MHz, CDCl3) δ 7.28 (2H, d, J = 7.24 Hz), 7.20–7.16 (2H, m), 7.14–
7.10 (1H, m), 6.67 (1H, d, J = 16.15 Hz), 6.08 (1H, dd, J = 16.15 Hz, 4.6 Hz), 5.02 
(1H, d, J = 4.6 Hz), 4.05 (2H, tdd), 3.75 (2H, ddt), 2.08–1.96 (1H, m), 1.24 (1H, md). 
Peaks corresponding to the cis-isomer of the 1,3-dioxane product, which should occur 
at 6.32 ppm (1H, dd), were not observed, indicating the absence of cis-trans 

































Figure 4.3 Recycling of PMF catalyst. Reaction conditions: 2.5 mmol of trans-
cinnamaldehyde in 2.5 ml of 1,3-propanediol, 5 mg of PMF, room temperature, 48 h.  
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4.3.4 Proposed mechanism 
Structurally, the PMF catalyst contained a high density of triazine rings and 
amine groups. The proposed mechanism involved double hydrogen bonding of the 
catalyst with the aldehyde substrate, activating the aldehyde for acetalization reaction. 
There could be two main modes of hydrogen bonding between the substrate and the 
catalyst (Figure 4.4). One involved a bridged hydrogen bonding between the oxygen 
atom of the aldehyde and the two –NH functional groups (Figure 4.4(a)); the other 
involved double hydrogen bonding between the aldehyde substrate and the amine –


































   
Figure 4.4 Proposed mechanism for aldehyde activation via double hydrogen 
bonding with PMF catalyst. (a) Bridged hydrogen bonding between the oxygen atom 
of the aldehyde and the two –NH functional groups, and (b) double hydrogen bonding 
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Figure 4.5 1H NMR spectrum of a mixture of trans-cinnamaldehyde and melamine in 
CDCl3. Insert: 1H NMR spectrum of (a) aldehyde proton of trans-cinnamaldehyde at 
9.655–9.630 ppm, and (b) amine protons of melamine at 1.566 ppm, in CDCl3.  
 
 
The presence of hydrogen bonding was investigated by NMR studies (Figure 
4.5). When a 1H NMR spectrum was obtained for the mixture of trans-
cinnamaldehyde and melamine dissolved in CDCl3, downfield shift of the doublet 
peak of aldehyde (-CHO) proton from 9.655–9.630 ppm to 9.723–9.703 ppm was 
observed. Both downfield shift and broadening of melamine (-NH2) protons from 
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broadening of proton peaks indicated the presence of hydrogen bonding interactions 
between the aldehyde substrate and melamine.  
Density functional theory (DFT) modeling at B3LYP/6-31G(d,p) level 
indicated favorable hydrogen bonding between trans-cinnamaldehyde and melamine 
as shown in Figure 4.6(a). Using PMF as catalyst, DFT modeling revealed bridged 
hydrogen bonding (Figure 4.6(b)) as the thermodynamically preferred mode of 
hydrogen bonding over double hydrogen bonding as observed with melamine (Figure 
4.6(a)). In the bridged hydrogen bonding, oxygen atom from the aldehyde substrate 
interacted with the two amine groups of the amine (-NH-CH2-NH-) structure in PMF. 
DFT studies on trans-cinnamaldehyde and PMF indicated hydrogen bond lengths (O--
-H-N) of 2.273 Å and 2.101 Å, and hydrogen bond angles of 128.1° and 141.4°, 
respectively. Binding energies of 7.76 kcal/mol and 38.19 kcal/mol were obtained for 
DFT model in Figure 4.6 (a) and (b), respectively. 
 
 
Figure 4.6 (a) DFT modeling for trans-cinnamaldehyde with melamine. 
(a) 
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Figure 4.6 (b) DFT modeling for trans-cinnamaldehyde with PMF in the presence of 
methanol molecules.  
 
 
The acetalization reaction using PMF as a heterogeneous organocatalyst was 
chemoselective to aldehydes and did not react with ketones (Table 4.3, Entry 2 and 3). 
Ketones are less polar than aldehydes and were not significantly activated via 
hydrogen bonding using PMF as catalyst. PMF was also found to be mildly acidic. 
We propose that this could be due to the formation of acidic functional groups (such 
as sulfuric acid groups) in the polymer structure during the synthesis of PMF with 
DMSO solvent at a high temperature of 170 °C. Elemental analysis indicated more 
than 5 wt% of sulfur present in the polymer, even after solvent exchange in acetone 
for 5 days and vacuum drying at 80 °C. While investigation of the IR spectrum of 
PMF (Figure 2.5) revealed the presence of peaks at 1354 cm-1 and 1026 cm-1, which 
might correspond to O=S=O stretching and SO3- stretching, respectively, the presence 
of sulfuric acid groups in PMF could not be confirmed with the current 
characterization data. Due to its ability for hydrogen bonding and its mild acidity, 
PMF has a dual functionality for the acetalization of aldehydes. This unique 
(b) 
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characteristic of PMF makes it useful for other catalytic applications or as a smart 
material where both Brønsted acidity and Lewis basicity are required. 
4.3.5 Investigating Industrial Considerations 
For a reaction to be feasible for industrial application, reaction time of less 
than 8 h is preferred.34 Reactions carried out at ambient conditions (room temperature 
and atmospheric pressure) are also highly preferred to save energy and cost in 
industrial synthesis.35,36 Previously, for laboratory acetalization, a low PMF catalyst 
loading of 2–10 mg for 1 mmol of substrate (Table 4.4, Entry 1 and 2) was 
investigated. The optimized reaction conditions for acetalization of trans-
cinnamaldehyde afforded a 85% yield using low catalyst loading at 2 mg of PMF for 
8 h at 40ºC (Table 4.1, Entry 7). Since PMF was found to be recyclable for up to 5 
reaction runs with no loss of activity (Figure 4.3), the use of a large amount of PMF 
in the reaction with recycling of the catalyst could be justified. In addition, PMF is 
synthesized from affordable starting materials and is metal-free. Thus the use of 
excess PMF to accelerate the acetalization reaction could be justified if the reaction 
system could be continuously recycled and reused to produce the acetal product. An 
increase in catalyst loading (> 10 mg) was thus investigated to achieve a lower 
reaction temperature and a shorter reaction time, which are preferred for industrial 
reactor applications. A total of 50 mg of PMF was added to 1 ml of 1,3-propanediol. 
Further increase in PMF loading resulted in a highly viscous mixture that was not 
feasible for use in the stirred reaction. The use of a large amount of PMF at 50 mg per 
mmol of substrate generally resulted in an increase in yield at shorter reaction time 
(Table 4.4). At room temperature, a shorter reaction time of 8 h could be achieved 
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with 50 mg of PMF for 81% yield. In contrast, a longer reaction time of 24 h was 
required with a low catalyst loading of 2 mg for 83% yield. 
 
Table 4.4 Effect of PMF catalyst loading for acetalization of trans-cinnamaldehyde. 
O PMF catalyst
neat
+ HO OH O
O
 
Entry Amount of PMF Catalyst 
per mmol Aldehyde 
Temp. (°C) Yielda (%) 
4 h 8 h 24 h 
1 2 mg RT 46 62 83 
2 10 mg RT 66 77 89 
3 50 mg RT 61 81 94 
General reaction conditions: 1 mmol of trans-cinnamaldehyde in 1 ml of 1,3-
propanediol at room temperature.  
a GC yield.  
 
 
Table 4.5 Effect of reaction temperature on acetalization of trans-cinnamaldehyde at 
high catalyst loading. 
Entry Amount of PMF Catalyst 




½ h 1 h 2 h 4 h 8 h 
1 50 mg 40 67 82 90 90 91 
2 50 mg 60 88 90 91 92 92 
General reaction conditions: 1 mmol of trans-cinnamaldehyde in 1 ml of 1,3-
propanediol and 50 mg of PMF catalyst.  
a GC yield.  
 
It is also possible to further shorten the reaction time to less than 8 h by 
increasing the reaction temperature. From Table 4.5, a reaction time of 2 h was used 
to produce the acetal at 90% yield using a high catalyst loading of 50 mg per mmol of 
substrate at 40°C. The reaction time was further reduced to 1 h when reaction 
temperature of 60°C was employed. The shorter reaction time and the good activity of 
recycled PMF allow the possibility for industrial application in flow reactors. 
Conventionally, industrial purification of the acetal product from the remaining 
aldehyde is carried out by distillation.37 Challenges in the post-treatment of acetal 
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synthesis, such as product purification, use of organic solvents for extraction and 
cost-efficient water removal for system recycling, are long-existing challenges to be 
addressed.38 The advantages of using PMF catalyst over conventional acetalization 
protocols in industrial reactors include it being non-corrosive, does not require the use 
of co-solvent, compatible to acid-sensitive substrates, has minimal chemical waste 
and ease of catalyst recovery and recycling. Short production cycle of 1–8 h at low 
reaction temperatures (RT to 60°C) with good yields of 81–90 % could be achieved 
using high PMF loading (50 mg per mmol substrate) for the acetalization of trans-
cinnamaldehyde.  
4.4 Conclusion 
In conclusion, we report a mild, chemoselective acetalization of aldehydes 
using PMF as a heterogeneous catalyst. The reaction is compatible to acid-sensitive 
substrates and does not require the use of high reaction temperatures (> 100 ºC) or 
dehydrating agents. The reaction was carried out under neat conditions, with no use 
of organic co-solvent. The PMF catalyst is metal-free, could be easily recovered by 
filtration and was recycled five times with negligible loss in activity. A variety of 
substrates including aliphatic and aromatic aldehydes were reacted with good isolated 
yields of 73–98%. The use of PMF as catalyst was mild enough for the reaction to be 
chemoselective to aldehydes with no acetalization of ketones. We demonstrated 
amine-catalyzed acetalization with the use of aminopyridines as catalysts. A double 
hydrogen bonding mechanism for the acetalization reaction using PMF as catalyst 
was proposed and investigated with NMR and DFT studies. Industrial considerations 
of acetal formation at shorter reaction time and low reaction temperatures (RT to 
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60°C) using high PMF catalyst loading were also evaluated for potential industrial 
application.  
PMF consists of a high density of amine (-NH-CH2-NH-) groups and was 
found to be a weakly acidic polymer. These properties confer a dual functionality for 
its use as a catalyst for the acetalization of aldehydes. This unique characteristic of 
PMF could be useful for other catalytic applications, and it also allows the polymer to 
have potential as a smart material where both Brønsted acidity and Lewis basicity are 
required. 
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CHAPTER 5 
Conclusions 
5.1       Summary 
In this work, the design of a porous organic polymer was described and the 
synthesis of the novel mesoporous poly-melamine-formaldehyde (PMF) was 
demonstrated. Two main characteristics of the polymer, namely its high surface area 
and good porosity; and the presence of high density of amine (-NH-CH2-NH-) and 
triazine organic functional groups, allow mesoporous PMF to have many potential 
applications. Using the newly developed mesoporous PMF, various applications in 
green technologies and catalysis were explored and investigated. In particular, the use 
of PMF for reversible carbon dioxide adsorption, toxic metal ions removal from water 
and catalytic application in acetalization of aldehydes were investigated and studied 
in this thesis. 
In this thesis, the use of the porous organic polymer in a variety of 
applications was examined and studied. This work strives to contribute greatly to the 
field of porous organic polymers, where the full potential and wide applications of 
existing porous organic polymers are still in their early stages of development, yet to 
be fully explored. 
5.2       Synthesis of Mesoporous Poly-Melamine-Formaldehyde (PMF) 
A novel porous organic polymer, mesoporous poly-melamine-formaldehyde 
(PMF), was synthesized via a simple one-step polycondensation reaction between 
melamine and paraformaldehyde using DMSO solvent. DMSO solvent was found to 
play a vital role in generating porosity during the synthesis of the polymer. 
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Mesoporous PMF was initially designed with melamine as a less-basic amine for 
highly reversible physisorption of carbon dioxide gas.  The use of formaldehyde, the 
simplest aldehyde, as a C1 building block for the polymer was chosen to generate a 
polymer that has high density of nitrogen atom and amine functional groups. 
Although existing melamine-formaldehyde (MF) resins are synthesized from the 
same starting materials, mesoporous PMF is the first MF material that is reported to 
have inherent porosity and is synthesized with high surface area without the use of 
porogens or templates. The resulting mesoporous PMF polymers have high surface 
areas of up to 1099 m2/g, tunable pore sizes in the range of 10–23 nm, and large total 
pore volume (1.4 to 3.3 cm3/g) and micropore volume (0.13 to 0.21 cm3/g). The 
mesoporous PMF was used to investigate a variety of applications including 
reversible carbon dioxide adsorption, toxic heavy metal ions removal from water and 
catalytic application in acetalization of aldehydes. 
5.3 PMF for Reversible CO2 Adsorption  
Mesoporous PMF was found to have excellent capacity for CO2 adsorption 
compared to other reported organic polymers. In equilibrium CO2 sorption studies at 
273 K, CO2 adsorption capacity of up to 18.7 wt% was obtained. From TGA cycling 
experiments, CO2 adsorption using PMF was found to be almost instantaneous, 
highly reversible and recyclable. In dynamic through-flow column experiments, 99% 
removal of CO2 from the analyte gas (15% CO2 in N2) was achieved, and the PMF 
adsorbent was regenerated by vacuum. Conventional use of liquid amines for CO2 
absorption has drawbacks of volatility, being corrosive and requires a highly energy-
intensive process to recover the absorbed CO2 and regenerate the amine. The use of 
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solid sorbents such as mesoporous PMF overcomes the issues of volatility and 
corrosiveness. In addition, physisorption of CO2 was shown to be the preferred mode 
of adsorption over chemisorption in PMF in DFT studies. The physisorption of CO2 
in PMF was achieved via the use of melamine as a less-basic amine compared to 
basic amines that would react with CO2 to form carbamates. The physisorption of 
CO2 allowed ease of reversible CO2 adsorption and less energy-intensive regeneration 
for the PMF adsorbent. The application of mesoporous PMF for highly reversible 
CO2 adsorption with good CO2 adsorption capacity was demonstrated. 
5.4 PMF for Toxic Metal Ions Removal from Water 
Mesoporous PMF was investigated as an adsorbent of toxic heavy metal ions 
for water purification. The high density of amine (-NH-CH2-NH-) and triazine 
functional groups in PMF acted as ligands for the chelation of toxic heavy metal ions. 
Under the experimental conditions, PMF displayed high removal efficiency above 
99.75% for lead ions in the concentration of 100–900 ppb. In equilibrium sorption 
studies, mesoporous PMF demonstrated exceptional ability to remove lead ions (Pb2+) 
to trace levels (ppt) and displayed fast adsorption rates within seconds. Due to the 
presence of amine functional groups, removal of lead ions using PMF was pH 
dependent. Efficient lead ion adsorption was achieved at pH above 5. Recycling of 
PMF and recovery of lead ions were demonstrated with the use of dilute acid, such as 
50 mM HCl and 5% acetic acid. PMF was found to have good efficiency in lead ion 
removal even in the presence of common main group cations, such as Na+, K+ and 
Ca2+, and chelating ligands, such as EDTA. Efficient lead ion removal using PMF 
was demonstrated in spiked solutions of untreated tap water. Dynamic column 
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adsorption experiments illustrated the feasibility of lead ion removal from water in 
continuous column flow. In multiple-ion equilibrium experiments, the affinity for 
toxic metal ions of PMF was in the order of Pb2+ > Cu2+ ~ Cd2+ >> Zn2+ >> Ni2+. 
Removal of other toxic metal ions, such as Pd2+ and Pt2+, from water using PMF was 
also investigated. The high surface area and high density of amine functional groups 
of mesoporous PMF contributed to the efficient removal and fast kinetics of toxic 
heavy metal ions adsorption.  
5.5 Catalytic Applications for PMF 
Due to its high surface area and the presence of amine functional groups, 
mesoporous PMF was explored as a heterogeneous catalyst for organic reactions. 
Mesoporous PMF was found to catalyze the acetalization of aldehydes. In this study, 
the first report of amine-catalyzed acetalization of aldehydes was presented. The use 
of PMF catalyst provided a mild, chemoselective protocol that was compatible to 
acid-sensitive substrates, and also provided ease of catalyst recovery and recycling. A 
variety of substrates, including aliphatic and aromatic aldehydes, were reacted with 
good isolated yields of 73–98%. Reaction mechanism involving activation of 
aldehydes via bridged hydrogen bonding between the aldehyde substrate and the 
amine (-NH-CH2-NH-) functional groups in PMF was proposed. The double 
hydrogen bonding mechanism was investigated using NMR and DFT studies. 
Industrial considerations for practical application were evaluated using high PMF 
catalyst loading at shorter reaction time and low reaction temperatures. Catalytic 
application of mesoporous PMF in the chemoselective acetalization of aldehydes was 
demonstrated. 
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CHAPTER 6 
Recommendations for Future Work 
6.1       Applications and Scale-up of Porous Organic Polymers 
The work presented in this thesis demonstrated the wide ranging applications 
of mesoporous poly-melamine-formaldehyde (PMF) as a porous organic polymer. 
Although porous organic polymers are known to have potential in many applications 
due to their high surface area, porosity and presence of organic functional groups, in-
depth studies on this relatively new class of materials is scarce. This study strives to 
open up avenues for the development of other porous organic polymers for various 
applications.  
While mesoporous PMF has demonstrated applications in reversible CO2 
adsorption, toxic heavy metal ions removal from water and catalytic application in 
acetalization of aldehydes, its application as a functional material has not been fully 
explored. There remain other potential areas of use for this porous organic polymer, 
such as in gas storage, gas separation and as polymeric ligand in organometallic 
catalysis. 
 For the applications of mesoporous PMF to become truly useful, its 
feasibility for use at the industrial scale has to be investigated and demonstrated. This 
work has demonstrated large scale laboratory synthesis of mesoporous PMF and 
investigated industrial considerations and industrial set up for the various applications 
at the laboratory scale. Applications with promising results should be further explored 
for use at the industrial scale. 
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6.2       Final Comments 
The design and synthesis of porous organic polymer very often requires 
simple yet elegant chemistry. The wide ranging potential applications due to their 
high surface area, good porosity and presence of organic functional groups, make 
porous organic polymers a functional material of great interest. As research scientists 
in this community continue to develop novel materials and new applications, let us 
keep in mind our responsibility to spur the scientific community, and to contribute 
collectively to the betterment of the society and the environment with our scientific 
knowledge and research endeavors. 
 
 
